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The stress response protein REDD1 promotes diabetes-
induced oxidative stress in the retina by Keap1-independent

Nrf2 degradation
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The transcription factor nuclear factor erythroid-2-related
factor 2 (Nrf2) plays a critical role in reducing oxidative stress by
promoting the expression of antioxidant genes. Both individuals
with diabetes and preclinical diabetes models exhibit evidence
of a defect in retinal Nrf2 activation. We recently demonstrated
that increased expression of the stress response protein regu-
lated in development and DNA damage 1 (REDD1) is necessary
for the development of oxidative stress in the retina of strepto-
zotocin-induced diabetic mice. In the present study, we tested
the hypothesis that REDD1 suppresses the retinal antioxidant
response to diabetes by repressing Nrf2 function. We found that
REDD1 ablation enhances Nrf2 DNA-binding activity in the ret-
ina and that the suppressive effect of diabetes on Nrf2 activity is
absent in the retina of REDD1-deficient mice compared with
WT. In human MIO-M1 Miiller cell cultures, REDD1 deletion
prevented oxidative stress in response to hyperglycemic condi-
tions, and this protective effect required Nrf2. REDD1 sup-
pressed Nrf2 stability by promoting its proteasomal degradation
independently of Nrf2’s interaction with Kelch-like ECH-asso-
ciated protein 1 (Keapl), but REDD1-mediated Nrf2 degrada-
tion required glycogen synthase kinase 3 (GSK3) activity and
Ser-351/Ser-356 of Nrf2. Diabetes diminished inhibitory phos-
phorylation of glycogen synthase kinase 38 (GSK3p) at Ser-9 in
the retina of WT mice but not in REDD1-deficient mice. Phar-
macological inhibition of GSK3 enhanced Nrf2 activity and pre-
vented oxidative stress in the retina of diabetic mice. The find-
ings support a model wherein hyperglycemia-induced REDD1
blunts the Nrf2 antioxidant response to diabetes by activating
GSK3, which, in turn, phosphorylates Nrf2 to promote its
degradation.

Oxidative stress is a major contributing factor to the devel-
opment and progression of retinal complications caused by dia-
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betes (1, 2). The Diabetes Control and Complications Trial
(DCCT) demonstrated that intensive glycemic control is asso-
ciated with a reduction in both the onset and progression of
diabetic retinopathy (DR)? (3). A unifying mechanism for the
pathobiology of diabetic complications links all of the principle
pathways responsible for hyperglycemia-induced tissue dam-
age to the accumulation of reactive oxygen species (ROS) (1).
Diabetes causes both an increase in ROS production, as well as
impairment of the antioxidant defense system (4-6). This
imbalance between the production of ROS and the antioxidant
defense system results in oxidative stress.

Redox-sensitive activation of the nuclear factor erythroid
2-related factor 2 (Nrf2) antioxidant response is critical in pre-
venting oxidative stress (6, 7). Nrf2 is a basic leucine zipper
transcription factor that regulates expression of antioxidant
proteins by binding to an antioxidant response element (ARE)
in the promoter of target genes (4, 8). There are over 200 mem-
bers in the Nrf2 gene battery including NAD(P)H quinone oxo-
reductase 1 (NQO1), heme oxygenase 1 (HO-1), and the GSH
cysteine ligase subunits GCLC and GCLM (9). In the absence of
oxidative stress, Nrf2 is rapidly ubiquitinated by a protein com-
plex that includes the adaptor protein Kelch-like ECH associ-
ated protein 1 (Keapl) and the E3 ubiquitin ligase Cullin 3,
targeting the transcription factor for proteasomal degradation
(10). Keapl is redox-sensitive and contains multiple cysteine
residues that become oxidized, leading to reduced interaction
with Nrf2 (11). When ROS accumulate, Keapl becomes oxi-
dized and Nrf2 is allowed to translocate into the nucleus to
activate ARE-dependent transcription. A number of therapeu-
tics that augment Nrf2 activity by disrupting Keapl-mediated
degradation are actively being pursued to combat diseases and
complications associated with oxidative stress, including DR
(12).

The retinal antioxidant response to diabetes is insufficient to
prevent oxidative stress, due at least in part to blunted Nrf2

2 The abbreviations used are: DR, diabetic retinopathy; ROS, reactive oxygen
species; Nrf2, nuclear factor erythroid 2-related factor 2; ARE, antioxidant
response element; shRNA, short hairpin RNA; DCF, 2,7-dichlorofluoroscien;
STZ, streptozotocin; HA, hemagglutinin; GSK, glycogen synthase kinase;
REDD1, regulated in development and DNA damage 1; PI3K, phosphatidy-
linositol 3-kinase; Dox, doxycycline; B-TrCP, B-transducin repeat-contain-
ing protein; DCFDA, 2',7’-dichlorodihydrofluorescein diacetate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HO-1, heme oxygenase 1;
NQO1, NAD(P)H quinone oxoreductase 1.

SASBMB

© 2020 Miller et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0003-0157-6389
https://orcid.org/0000-0003-3271-932X
https://www.jbc.org/cgi/content/full/RA120.013093/DC1
mailto:mdennis@psu.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.013093&domain=pdf&date_stamp=2020-4-15

REDD1 suppresses Nrf2 stability
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Figure 1. REDD1 deletion enhances Nrf2 activity and protein expression

independent of a change in Nrf2 mRNA abundance. A, the abundances of

mRNAs encoding NQO1, GCLC, GCLM, and Nrf2 were evaluated in retinal lysates from wildtype (WT) and REDD1 knockout (KO) mice by PCR. B, Nrf2 activity was
measured in the nuclear fraction obtained from retinal lysates by DNA-binding ELISA. C-F, REDD1 CRISPR knockout (sgREDD1) was performed in MIO-M1 cell
cultures. C, the abundances of mRNAs encoding NQO1, GCLC, and GCLM was evaluated in cell lysates by PCR. D, Nrf2 activity was measured in cells expressing
an ARE luciferase reporter. £, Nrf2 and Lamin B1 protein expression were evaluated in whole cell lysates (WCL) or nuclear isolates by Western blotting. Protein
molecular mass (in kilodaltons) is indicated at the right of blots. F, Nrf2 mRNA abundance was assessed in cell lysates by PCR. Values are mean = S.D.*, p < 0.05

versus WT.

DNA-binding activity (4, 6, 13). Diabetes enhances oxidative
stress in the retina (8, 14), which should promote Nrf2 nuclear
translocation. However, Nrf2 nuclear localization is decreased
in both the retina of streptozotocin-induced diabetic rats and in
retinal endothelial cells cultured under hyperglycemic condi-
tions (4, 6). Curiously, post-mortem retinas from patients with
advanced DR exhibit a >5-fold increase in Nrf2 mRNA abun-
dance combined with an ~1/3 increase in Nrf2 protein content
as compared with nondiabetic donor retinas (4). The dramatic
difference in up-regulation of Nrf2 mRNA relative to protein
suggests a diabetes-induced post-transcriptional defect in Nrf2
regulation. Indeed, Nrf2 binding with Keapl is paradoxically
up-regulated in the retina of diabetic rats (4). Zhong et al. (4)
have speculated that this disparity may be due to blunted redox-
sensing capacity of Keapl; however, the precise mechanism
responsible for blunted Nrf2 DNA-binding in DR remains to be
defined.

Since its discovery, the stress response protein regulated in
development and DNA damage 1 (REDD1) has been linked to
oxidative stress (15—17). REDD1 is transcriptionally up-regu-
lated in response to a variety of adverse physiological events
(18, 19), including exposure to hyperglycemic conditions (20).
Recently, our laboratory demonstrated that REDD1 plays a nec-
essary role in the development of oxidative stress in the retina of
diabetic mice (21). REDD1 acts at least in part by promoting the
association of protein phosphatase 2A with Akt, leading to site-
specific dephosphorylation of the kinase and altered substrate

SASBMB

specificity (22). Retinal Akt kinase activity is attenuated shortly
after the onset of streptozotocin-induced diabetes (23). In the
retina of diabetic mice, REDD1 expression is increased and is
necessary for suppression of retinal Akt kinase activity (24).
Importantly, Akt signaling plays an important role in regulating
Nrf2-dependent antioxidant function in retinal cells in culture
(25). The purpose of this study was to test the hypothesis that
REDD1 negatively impacts the retinal antioxidant response to
diabetes by suppressing Nrf2 function.

Results

REDD1 deletion increases retinal Nrf2 activity independent of
achange in Nrf2 mRNA

To determine whether REDD1 expression was associated
with a change in the Nrf2 antioxidant response, the mRNA
abundance of Nrf2-sensitive gene targets was evaluated in the
retina of WT and REDDI1-deficient mice. The abundances of
mRNAs encoding NQO1, GCLC, and GCLM were increased in
the retina of mice deficient for REDD1 as compared with WT
(Fig. 1A). In contrast, the abundance of the Nrf2 mRNA was not
different in the retina of WT and REDD1-deficient mice. Nrf2
activity was quantified in nuclei isolated from whole retina
using an ELISA that measures the binding of Nrf2 to an oligo-
nucleotide containing the ARE consensus motif. Nrf2 DNA-
binding was dramatically enhanced in the retina of REDD1-
deficient mice as compared with WT (Fig. 1B).
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Figure 2. Nrf2 is necessary for the attenuation of oxidative stress in REDD1-deficient cells exposed to hyperglycemic conditions. A, WT and REDD1
CRISPR knockout (sgREDDT) MIO-M1 cells were cultured in medium containing 5 mm glucose and exposed to culture medium containing 30 mm glucose.
REDD1 protein expression was evaluated in cell lysates by Western blotting. Protein molecular mass (in kilodaltons) is indicated at the right of blots. Protein
loading was evaluated by reversible protein stain. B, WT and sgREDD1 cells were exposed to medium containing either 30 mm glucose or 5 mm glucose plus 25
mM mannitol (osmotic control) for 4 h. ROS were visualized with DCFDA and DCF fluorescent intensity was quantified. C-H, Nrf2 was knocked down by stable
expression of sShRNA (shNrf2). Data in C-H were obtained using sgREDD1 Nrf2 knockdown clone 1 from Fig. S1. Control sgREDD1 cells expressed a scramble
shRNA (shScram). All cells in C-H were exposed to medium containing 30 mm glucose for 4 h prior to analysis. C, Western blotting was used to evaluate Nrf2 and
GAPDH protein expression in whole cell lysates. D, DCFDA was used to visualize ROS and DCF intensity was quantified. The abundances of mRNAs encoding
NQO1, GCLC, GCLM, and HO-1 were evaluated in cell lysates by PCR in E-H, respectively. Values are mean = S.D. #, p < 0.05 versus osmotic control. *, p < 0.05

versus WT. $, p < 0.05 versus shScram.

REDD1 deletion enhances Nrf2 activity in MIO-M1 cell cultures

To further explore the suppressive effect of REDD1 on Nrf2,
we used a previously generated human MIO-M1 retinal Miiller
cell line wherein CRISPR/Cas9 was employed to knockout
REDDL1 (26). Retinal Nrf2 expression is especially prominent in
Miller glia (27), which play an important role in homeostatic
support of the entire retina in part through the synthesis and
release of antioxidants like GSH (28 —30). Consistent with the
findings in retina, the abundance of Nrf2-sensitive mRNAs
including GCLC and GCLM was elevated in MIO-M1 cells
deficient for REDD1 as compared with WT (Fig. 1C). To eval-
uate Nrf2 activity, we used an ARE luciferase reporter (25). Nrf2
activity was enhanced in REDD1-deficient cells as compared
with WT (Fig. 1D). Nrf2 protein expression was also enhanced
in both whole cell lysate and nuclear extracts from REDD1
knockout cells as compared with WT (Fig. 1E). Consistent with
the observation in retina, REDD1 deletion did not alter Nrf2
mRNA abundance in MIO-M1 cells (Fig. 1F). These findings
support post-transcriptional suppression of Nrf2 by REDD1.

Effect of REDD1 deletion on hyperglycemia-induced ROS is
Nrf2-dependent

Consistent with our previous report (20), REDD1 expres-
sion was enhanced in WT MIO-M1 cells exposed to hyper-
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glycemic conditions (Fig. 24). We recently demonstrated
that REDD1 was necessary for enhanced oxidative stress in
retinal R28 cells exposed to hyperglycemic culture condi-
tions (21). To determine whether REDD1 expression had a
similar role in MIO-M1 cells, WT and REDD1 knockout
MIO-M1 cells were exposed to culture medium containing
either 30 mm glucose or 5 mm glucose plus 25 mm mannitol
as an osmotic control. Exposure to hyperglycemic condi-
tions enhanced ROS in WT cells as compared with the
osmotic control (Fig. 2B). By contrast, REDD1-deficient cells
did not exhibit increased ROS levels upon exposure to
hyperglycemic conditions. To determine whether the pro-
tective effect of REDD1 deletion was mediated by enhanced
Nrf2 expression, Nrf2 was knocked down in REDD1-defi-
cient cells (Fig. S1A). Clonal cell lines expressing shRNAs
targeting Nrf2 exhibited reduced Nrf2 protein expression
(Fig. S1B) and attenuated abundances of Nrf2 target mRNAs
(Fig. S1, C—F).In REDD1-deficient MIO-M1 cells exposed to
hyperglycemic culture conditions, Nrf2 knockdown reduced
Nrf2 protein expression as compared with a scramble
shRNA (Fig. 2C). In both the parental REDD1 knockout cell
line and REDD1 knockout cells expressing a scramble
shRNA, ROS levels were reduced upon exposure to hyper-
glycemic conditions as compared with WT (Fig. 2D). How-
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Figure 3. REDD1 suppresses Nrf2 protein stability. Cycloheximide (CHX) was used to inhibit protein synthesis in WT and REDD1 CRISPR knockout (sgREDDT)
MIO-M1 cell cultures. A, Nrf2 and actin protein expression was evaluated in cell lysates by Western blotting. B, quantification of Nrf2 expression in A. C-F,
FLAG-tagged Nrf2 expression was achieved by transient transfection. FLAG-tagged Nrf2 was co-transfected with either an empty vector (EV, A and B) or a
plasmid that facilitates expression of HA-tagged REDD1 (HA-REDD1, C). FLAG-Nrf2, HA-REDD1, and actin protein expression was evaluated in whole cell lysates
by Western blotting. D, quantification of FLAG-Nrf2 expression in C-E. Values are mean =+ S.D. *, p < 0.05 versus WT.

ever, Nrf2 knockdown increased ROS levels in REDD1-defi-
cient cells exposed to hyperglycemic conditions, such that
they were no longer different from WT. In contrast to
REDD1-deficient cells expressing a scramble shRNA, the
abundances of NQO1, GCLC, GCLM, and HO-1 were not
enhanced in REDD1-deficient cells expressing a shRNA tar-
geting Nrf2 as compared with WT (Fig. 2, E-H, respectively).
To further support that the protective effect of REDD1
knockout on oxidative stress in response to hyperglycemic
conditions required enhanced Nrf2 expression, Keapl was
expressed in REDD1-deficient cells. Keapl reduced Nrf2
protein expression in both WT and REDD1 knockout cells
(Fig. S1G). In addition, Keapl enhanced oxidative stress in
REDDI1 knockout cells exposed to hyperglycemic culture
conditions (Fig. S1H). Together, these findings provide evi-
dence that enhanced Nrf2 activity is necessary for the
attenuation of hyperglycemia-induced oxidative stress upon
REDD1 deletion.

REDD1 promotes Nrf2 degradation

To determine whether REDD1 promoted Nrf2 degradation,
a series of cycloheximide chase assays were performed. Upon
inhibition of protein synthesis, Nrf2 expression in WT
MIO-M1 cells was rapidly diminished (Fig. 34). As compared
with WT cells, Nrf2 expression in sgREDD1 cells was enhanced
and upon exposure to cycloheximide the protein was not
degraded as quickly (Fig. 3B). Consistent with endogenous
Nrf2, the expression of FLAG-tagged Nrf2 was also rapidly

SASBMB

diminished in WT cells upon inhibition of protein synthesis,
such that it was no longer detected by Western blotting after 50
min (Fig. 3C). In REDD1-deficient cells the rate of FLAG-Nrf2
degradation was reduced as compared with WT, such that it
was still detected after 50 min of cycloheximide exposure (Fig.
3D). However, when REDD1 expression was restored in the
REDD1 knockout cell line, the rate of Nrf2 degradation was
increased as compared with an empty vector control (Fig. 3, E
and F). Together these data support that REDD1 promotes Nrf2
destabilization.

REDD1 reduces Nrf2 stability independent of Keap 1

To further explore the impact of REDD1 on Nrf2 stability,
FLAG-Nrf2 was expressed in a HEK293 TetON cell line with
doxycycline-inducible expression of an HA-tagged REDDI1
(22). HA-REDD1 expression in response to doxycycline was
inversely associated with Nrf2 protein expression (Fig. 4A4). By
contrast, doxycycline exposure did not influence Nrf2 expres-
sion in a parental HEK293 cell line (Fig. 4B). To determine
whether the decrease in Nrf2 was due to proteasome-mediated
degradation, REDD1 expression was induced in the presence
and absence of the proteasome inhibitor MG-132. Proteasomal
inhibition prevented the decrease in Nrf2 expression in re-
sponse to REDD1 (Fig. 4C). To determine whether proteasomal
degradation of Nrf2 in response to REDD1 was mediated by
Keapl, we generated mutations within the Neh2 domain of
Nrf2 that were previously found to disrupt the high affinity
Keapl-binding site and suppress interaction with Nrf2 (32).

J. Biol. Chem. (2020) 295(21) 73507361 7353
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Figure 4. REDD1 promotes Keap1-independent proteasomal degradation of Nrf2. A-H, FLAG-tagged Nrf2 was expressed in HEK Tet-On HA-REDD1 cells
with doxycycline (Dox) inducible expression of HA-REDD1 or a control HEK Tet-On parental cell line (Tet-On). Cells were exposed to Dox as indicated. C, cells
were exposed to Dox for 2 h in the presence of a vehicle control or the proteasome inhibitor MG-132. D-F, cells were transfected with plasmids encoding Nrf2
variants deficient for Keap1 binding: E82G or AETGE. F, quantification of FLAG-Nrf2 expression in A, D, and E from 0 to 2 h. G, cells were exposed to a vehicle or
the Nrf2 inducer sulforaphane for 6 h prior to Dox administration. H, quantification of Nrf2 expression in G. FLAG-Nrf2, HA-REDD1, and actin expression were
evaluated by Western blotting. Protein molecular mass (in kilodaltons) is indicated at the right of blots. Protein loading was evaluated by reversible protein

stain. Values are mean = S.D. *, p < 0.05 versus TetOn.

Remarkably, both the E82G (Fig. 4D) and the AETGE (Fig. 4E)
variants of Nrf2 failed to resist REDD1-mediated degradation
(Fig. 4F). The Nrf2 inducer sulforaphane acts by modifying crit-
ical cystine residues of Keap1 to prevent Nrf2 ubiquitination. In
cells exposed to sulforaphane, Nrf2 expression was enhanced
prior to REDD1 induction; however, sulforaphane was not suf-
ficient to prevent Nrf2 degradation in response to REDD1 (Fig.
4@G). Moreover, the rate at which Nrf2 expression was sup-
pressed upon REDD1 induction was similar in the presence and
absence of sulforaphane (Fig. 4, G and H). Together, these data
support that REDD1 inhibits Nrf2 stability by a mechanism that
is independent of Nrf2 interaction with Keapl.

REDD1-induced Nrf2 degradation depends on GSK3 activity

REDD1 acts by promoting dephosphorylation of Akt at Thr-
308, leading to decreased phosphorylation of Akt substrates
including GSK3 and tuberous sclerosis complex Subunit 2
(TSC2) (22). Akt phosphorylates the N terminus of GSK3 at
Ser-9, which reduces the kinase activity of GSK3 by obstructing

7354 J Biol. Chem. (2020) 295(21) 7350-7361

substrate recognition. Akt also phosphorylates TSC2 and
thereby inhibits the tuberous sclerosis complex, to stimulate
mTORCI. To evaluate the mechanism responsible for reduced
Nrf2 stability in response to REDD1, we explored the impact of
these downstream signaling events. Consistent with our previ-
ous observation (22), phosphorylation of Akt at Thr-308,
GSK3p at Ser-9, and the mTORC]1 substrate p70S6K1 at Thr-
389 were all suppressed in response to increased REDD1
expression (Fig. 54). Endogenous Nrf2 expression was corre-
lated with these changes in phosphorylation. Although expres-
sion of FLAG-NTrf2 was stable in cells exposed to a vehicle con-
trol (Fig. 5, B and E), the PI3K inhibitor LY294002 suppressed
Nrf2 expression (Fig. 5, C and E). The decrease in Nrf2 expres-
sion in cells exposed to LY294002 was associated with reduced
phosphorylation of Akt, p70S6K1, and GSK3p. In contrast to
the effect of LY294002, the mTORC]1 inhibitor rapamycin was
not sufficient to reduce Nrf2 expression (Fig. 5D). This suggests
that the suppressive effect of REDD1 on Nrf2 is not mediated
by a decline in mTORCI1 signaling. To determine whether the

SASBMB
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Figure 5. REDD1-mediated Nrf2 degradation requires GSK3. A, HEK Tet-On HA-REDD1 cells were exposed to Dox as indicated. B-E, FLAG-tagged Nrf2
expression was achieved in HEK293 cell cultures by transient transfection. Cells were exposed to a vehicle (Veh) control (DMSO, B), the PI3K inhibitor LY294002
(©), orthe mTORC1 inhibitor rapamycin (D) as indicated. E, quantification of FLAG-Nrf2 expression in B-D. F-I, FLAG-tagged Nrf2 expression was achieved in HEK
Tet-On HA-REDD1 cells by transient transfection. Cells were exposed to vehicle (Veh, F) or the GSK3 inhibitors CHIR99021 (G) or VP3.15 (H) prior to Dox
administration. /, quantification of FLAG-Nrf2 expression in F-H. Western blotting was used to evaluate expression of HA-REDD1, FLAG-Nrf2, REDD1, Nrf2, Akt,
and GAPDH expression, as well as phosphorylation of Akt, GSK3, and p70S6K1. Protein molecular mass (in kilodaltons) is indicated at the right of blots. Values

are mean * S.D. ¥, p < 0.05 versus DMSO or vehicle.

impact of REDD1 on Nrf2 expression was mediated by
enhanced GSK3 activity, HEK293 TetON cells were exposed to
GSK3 inhibitors CHIR99021 or VP3.15 prior to induction of
REDDI. GSK3 inhibition suppressed the effect of REDD1 on
Nrf2 expression as compared with vehicle control (Fig. 5, F-1).
Thus, the suppressive effect of REDD1 on Nrf2 expression
required GSK3 activity.

Neh6 phosphodegron is necessary for the effect of REDD1 on
Nrf2 degradation

A previous study suggests that GSK3 phosphorylates and
activates the tyrosine kinase Fyn, causing it to translocate to the
nucleus and phosphorylate Nrf2 at Tyr-576 within the Neh3
domain (33). Fyn-mediated phosphorylation of Nrf2 reportedly
stimulates nuclear exclusion of the transcription factor (34).
Nrf2 also contains a Keapl-independent degron within the
Neh6 domain that is directly phosphorylated by GSK3 leading
to enhanced Nrf2 proteasomal degradation (35, 36). To inves-
tigate the specific phosphorylation events that mediate the sup-
pressive effect of REDD1 on Nrf2 expression, we generated ala-
nine substitution variants to prevent phosphorylation of Nrf2
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within the Neh3 or Neh6 domains. Similar to the effect on WT
Nrf2 (Fig. 6A), expression of the Nrf2 Y576 A variant was rapidly
reduced in response to REDD1 (Fig. 6B). By contrast, four ala-
nine substitutions within the Neh6 phosphodegron prevented
REDD1-mediated degradation (Fig. 6, C and D). The Nrf2
S351A/S356A variant was partially resistant to degradation in
response to REDD1 (Fig. 6E), whereas disruption of the proline-
directed phosphorylation sites at Ser-351 and Ser-356 pre-
vented Nrf2 degradation in response to REDD1 (Fig. 6F). These
data support that the suppressive effect of REDD1 on Nrf2 are
mediated via the Neh6 domain.

REDD1-dependent activation of GSK3 is necessary for
diabetes-induced oxidative stress and Nrf2 inhibition
in mouse retina

We recently demonstrated that REDD1 deletion was suffi-
cient to prevent diabetes-induced oxidative stress in the retina
of mice (21). In that study, ROS were evaluated with 2,7-dichlo-
rofluoroscien (DCF). In support of the previous data, we found
that unlike diabetic WT mice, diabetic REDD1-deficient mice
did not exhibit an increase in ROS as assessed by dihydro-
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Figure 6. Nrf2 degradation in response to REDD1 requires the Neh6 phosphodegron. A-f, HEK TetON HA-REDD1 cells were exposed to Dox as indicated.
Expression of FLAG-tagged Nrf2 was achieved by transient transfection. Nrf2 alanine substitution variants were generated by site-directed mutagenesis to
evaluate the role of Fyn tyrosine phosphorylation (Y576A, B) or the Neh6 phosphodegron (S344A/S347A/S351A/S356A, also known as S4A4; C). D, quantifica-
tion of FLAG-Nrf2 variant expression in A-C. The impact of REDD1 on the expression of Nrf2 variants containing S344A/S347A or S351A/S356A substitutions
was evaluated in Eand F, respectively. FLAG-Nrf2, HA-REDD1, and actin expression were evaluated by Western blotting. Protein molecular mass (in kilodaltons)
is indicated at the right of blots. Values are mean =+ S.D. *, p < 0.05 versus WT.
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Figure 7. REDD1-dependent GSK3 activation contributes to diabetes-induced oxidative stress and suppression of Nrf2 activity in the retina. Diabetes was
induced in WT and REDD1 knockout (KO) mice by administration of STZ. All analyses were performed 4 weeks after mice were administered STZ or a vehicle control
(Veh). A, ROS was quantified in the supernatants from whole retinal lysates using dihydroethidium. B, Nrf2 activity was measured in the nuclear fraction obtained from
retinal lysates by DNA-binding ELISA. C, GSK33 phosphorylation, as well as expression of GSK38 and REDD1 in retinal lysates were evaluated by Western blotting.
Protein loading was evaluated by reversible protein stain. Protein molecular mass (in kilodaltons) is indicated at the right of blots. D, GSK3 8 phosphorylation in C was
quantified. E-G, mice were treated daily with either VP3.15 or a vehicle control (DMSO) during the 4th week of diabetes. E, blood glucose concentrations were
evaluated prior to retinal extraction. F, Nrf2 activity was measured as described in B. G, ROS was quantified in the supernatants from whole retinal lysates using DCF.
Values are mean = S.D.*, p < 0.05 versus Veh. #, p < 0.05 versus WT or DMSO. G, working model for the suppressive effect of REDD1 on Nrf2 stability.

ethidium (Fig. 7A). In the retina of streptozotocin (STZ)-in- of REDDI-deficient mice, Nrf2 activity was dramatically

duced diabetic mice, Nrf2 activity was attenuated as compared enhanced as compared with WT and the diabetes-induced sup-
with nondiabetic controls (Fig. 7B). However, in the retina pression that was observed in WT mice was absent (Fig. 7B).
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GSK3pB phosphorylation at Ser-9 was attenuated in the retina of
diabetic mice concomitant with increased REDD1 expression
(Fig.7, Cand D). Unlike WT mice, REDD1-deficient mice failed
to exhibit a diabetes-induced decrease in retinal GSK3 phos-
phorylation. To determine whether GSK3 inhibition was suffi-
cient to prevent the suppressive effect of diabetes on retinal
Nrf2 activity, diabetic mice were treated with VP3.15. Intra-
peritoneal administration was selected based on the previous
demonstration that VP3.15 readily crosses the blood-retina
barrier (37). VP3.15 did not alter blood glucose concentrations
(Fig. 7E). In contrast to mice receiving a vehicle control, mice
receiving VP3.15 exhibited enhanced retinal Nrf2 activity (Fig.
7F). DCF was used to both quantify ROS levels in retinal lysates
(Fig. 7G) and visualize ROS in retinal cryosections (Fig. S2).
Mice receiving VP3.15 did not exhibit diabetes-induced oxida-
tive stress in retina. Overall, the findings support a model
whereby hyperglycemia-induced REDD1 acts to reduce the ret-
inal Nrf2 antioxidant response to diabetes by promoting GSK3
activation (Fig. 7H).

Discussion

Nrf2 is an important factor in regulating the progression of
DR as Nrf2-deficient mice exhibit early onset of both vascular
and neuronal dysfunction in diabetes (27). The present study
investigated regulation of the retinal Nrf2 antioxidant response
by REDD1. Retinal REDD1 protein expression is elevated in
multiple preclinical models of diabetes (20, 24, 26). Moreover,
REDD1 is necessary for the development of oxidative stress in
the retina of STZ-diabetic mice (21). Herein, we provided evi-
dence suggesting that REDD1 facilitates the development of
oxidative stress in response to diabetes by attenuating the Nrf2
antioxidant response. Nrf2 activity was enhanced in the retina
of REDD1-deficient mice relative to WT controls. In the retina
of diabetic WT mice, REDDI1 protein expression was enhanced
concomitant with decreased Nrf2 activity and increased ROS
levels. REDD1 ablation not only prevented the suppressive
effect of diabetes on retinal Nrf2 activity, but also dramatically
enhanced Nrf2 activity relative to nondiabetic controls.

Consistent with the previous report (21), REDD1 ablation
was sufficient to prevent enhanced ROS levels in cells exposed
to hyperglycemic culture conditions. We found that Nrf2 up-
regulation played an important role in the protective effect of
REDD1 deletion. Specifically, Nrf2 knockdown enhanced ROS
levels in REDD1-deficient cells exposed to hyperglycemic con-
ditions, such that they were similar to those observed in cells
expressing REDD1. Importantly, other biologically significant
stresses that promote REDDI1 expression (e.g. hypoxia, DNA
damage, nutrient deprivation) are also likely to negatively
impact the Nrf2 antioxidant response. In fact, during prepara-
tion of this manuscript, a relationship between REDD1 and
Nrf2 was demonstrated in cardiomyocyte cultures (38). In that
study, REDD1 knockdown attenuated oxidative stress in cells
deprived of oxygen/glucose followed by reperfusion (OGD/R),
and the protective effect was blunted by an siRNA targeting
Nrf2. OGD/R suppressed expression of the Nrf2 target HO-1,
whereas REDD1 knockdown enhanced HO-1 expression in a
Nrf2-dependent manner (38). The findings herein extend the
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previous study by identifying the mechanism responsible for
the suppressive effect of REDD1 on Nrf2 activity.

In the absence of oxidative stress, Nrf2 is rapidly targeted for
degradation (32). Nrf2’s short half-life is attributed to multiple
protein complexes that promote proteasomal degradation of
the transcription factor, but the most well-studied of these
complexes includes the adapter protein Keapl (10, 32, 39).
Redox-sensitive activation of Nrf2 is mediated by the oxidation
of Cys-151, Cys-273, and Cys-288 in Keapl, leading to a
reduced interaction between Nrf2 and Keapl (39). The Nrf2
Neh2 domain contains a high affinity Keap1-binding site that is
responsible for redox-sensitive Nrf2 turnover (40). Disruption
of Neh2 domain in the E82G and AETGE Nrf2 variants pre-
vents degradation via Keapl (41). In the present study, REDD1
promoted proteasome-dependent Nrf2 degradation. However,
disruption of the Keapl-binding site, failed to prevent the
decrease in Nrf2 expression in response to REDD1. This sug-
gests that REDD1 promotes Nrf2 degradation independent of
Keapl.

In addition to the redox-sensitive Neh2 degron, Nrf2 also
contains an Neh6 degron that supports Nrf2 turnover even
when Keap1 is inactivated (42). GSK3-dependent phosphoryla-
tion of Nrf2 within the Neh6 domain leads to nuclear export
and increased proteasomal degradation by a protein cluster
composed of B-transducin repeat-containing protein (3-TrCP)
and the E3 ubiquitin ligase S-phase kinase-associated protein
1-Cullin1-F-box protein (35). The GSK3p isoform contains a
nuclear localization signal that allows it to shuttle between the
cytosol and nucleus, thus providing access to Nrf2 (43). In addi-
tion to the Neh6-phosphodegron, phosphorylation of Nrf2 by
the tyrosine kinase Fyn may also contribute to the suppressive
effects of GSK3 (33). However, disruption of the Fyn phosphor-
ylation site at Tyr-576 of Nrf2 failed to repress REDD1-medi-
ated degradation. In contrast, disruption of the Neh6 phospho-
degron (35) increased Nrf2 stability in response to REDD1.

Structural analysis of the docking interaction between Nrf2
and B-TrCP demonstrates that GSK3 phosphorylation of Ser-
344 and Ser-347 is necessary for the turn structure that is rec-
ognized by the WD40 domain of B-TrCP (36). Phosphorylation
of two adjacent proline-directed sites at Ser-351 and Ser-356 is
suspected to prime for phosphorylation at Ser-344 and Ser-347
(36). In a previous study, the Nrf2 S344A/S347A variant failed
to co-immunoprecipitate with B-TrCP; however, additional
alanine substitutions at S351A/S356A were required to com-
pletely prevent GSK3-dependent suppression of ARE activity
(36). Consistent with that observation, we found that the Nrf2
S344.A/S347A variant was not fully resistant to the effects of
REDDI1. Rather alanine substitutions at Ser-351 and Ser-356
prevented Nrf2 degradation in response to REDDI. The find-
ings support that the sensitivity of Nrf2 to GSK3 and REDD1
may not be exclusively mediated by B-TrCP binding.

We recently demonstrated that the absence of hyperglyce-
mia-induced oxidative stress in REDD1-deficient cells was pre-
vented by expression of either a dominant-negative Akt variant
or a constitutively active GSK3 variant (21). In the present
study, REDD1 suppressed phosphorylation of Akt and GSK3
and enhanced proteasomal degradation of Nrf2. The suppres-
sive effect of REDD1 on Nrf2 expression and Akt/GSK3 phos-
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phorylation was recapitulated by PI3K inhibition. Moreover,
the GSK3 inhibitors CHIR99021 and VP3.15 prevented the
decrease in Nrf2 expression in response to REDD1. CHIR99021
is a highly selective ATP competitive inhibitor of GSK3 (44).
VP3.15 is less selective and at higher concentrations also acts to
inhibit phosphodiesterase 7 (45). However, it was recently dem-
onstrated that VP3.15 effectively crosses the blood-retinal bar-
rier (37). Thus, VP3.15 was selected for inhibition of GSK3
activity in the retina of STZ-diabetic mice. VP3.15 administra-
tion increased Nrf2 activity in the retina of diabetic mice and
prevented the diabetes-induced increase in retinal ROS. This
supports the potential therapeutic benefit of targeting REDD1-
mediated GSK3 inhibition to promote retinal Nrf2 activation in
the context of diabetes. Indeed, in the retina of STZ-diabetic
rats, GSK3 phosphorylation is attenuated and GSK3 inhibition
decreases TUNEL-positive nuclei (23, 46).

Consistent with our previous report (21), REDD1 protein
expression was increased in the retina of diabetic mice in asso-
ciation with augmented ROS levels. In contrast to WT mice,
REDD1-deficient mice did not exhibit a diabetes-induced
increase in retina ROS levels. This demonstrates that REDDI1 is
necessary for the development of diabetes-induced oxidative
stress in the retina. Blunted Nrf2 DNA binding is believed to be
at least in part responsible for diabetes-induced oxidative
stress, as activity of the transcription factor is reduced in both
the retinas of diabetic patients and preclinical models (4, 6, 13).
Consistent with the previous observations in STZ-diabetic rats
(4, 6, 13), we found that Nrf2 DNA-binding activity was atten-
uated in the retina of STZ-diabetic mice. In association with the
attenuation of Nrf2 activity, the inhibitory phosphorylation of
retinal GSK3 at Ser-9 was reduced. In contrast to WT mice,
REDD1-deficient mice failed to exhibit diabetes-induced atten-
uation of GSK3f3 phosphorylation and Nrf2 activity was dra-
matically enhanced. Notably, the magnitude of the increase in
Nrf2 activity with VP3.15 administration was approximately
half of that observed with REDD1 ablation. Although this is
likely due to some reduced efficacy of chemical inhibition as
compared with genetic knockout, it could indicate that REDD1
is also acting to repress Nrf2 activity through a yet to be iden-
tified GSK3-independent mechanism. In this regard, Nrf2
activity is also influenced by variation in the rate of synthesis
(47) and other factors are known to impact nuclear localization
of the transcription factor (48).

As previously mentioned, Nrf2 binding with Keapl is para-
doxically up-regulated in the retina of diabetic rats (4). It is
well-established that diabetes enhances retinal oxidative stress
(8, 14), which should lead to Keap1 Cys-oxidation and reduced
interaction with Nrf2 (11). The inconsistency may be explained
by the impact of REDD1. The activities of GSK3 and Nrf2 are
negatively correlated, with GSK3-dependent phosphorylation
of Nrf2 promoting nuclear exclusion (49). Indeed, exposure to
hyperglycemic conditions is associated with reduced nuclear
Nrf2 localization in a variety of cell types (4, 50). Thus, diabetes-
induced nuclear exclusion of Nrf2 may be sufficient to increase
interaction with Keapl, despite the relatively lower binding
affinity under oxidizing conditions.

The present study provides important new evidence for
biphasic regulation of the Nrf2 antioxidant response. The Nrf2
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Neh6 degron is classically thought of as redox-insensitive (42).
However, redox-sensitive REDD1 expression potentially pro-
motes Neh6-mediated degradation. Increasing cellular ROS
promotes REDD1 expression, and decreases GSK3 8 phosphor-
ylation in a manner that is REDD1-dependent (21). Thus,
REDD1 likely contributes to a biphasic switch in redox-sensi-
tive regulation of Nrf2. In this new model, an acute rise in oxi-
dative stress would lead to reduced Keapl-binding and
increased nuclear translocation of Nrf2; whereas REDD1 would
accumulate after prolonged oxidative stress, leading to activa-
tion of GSK3 and Nrf2 nuclear export.

The findings here support the conclusion that REDD1 re-
duces Nrf2 protein stability by promoting Keapl-indepen-
dent proteasomal degradation of Nrf2. Well-known Nrf2
activators such as sulforaphane, bardoxolone methyl, and
trifluoroethyl amide (dh404) have been extensively explored
in a number of clinical trials (12). Moreover, dh404 treat-
ment prevents the development of retinal vasculopathy and
gliosis in diabetic rats (6). Importantly, all of the present
generation of Nrf2 activators target Keapl to suppress Nrf2-
binding or Nrf2-ubiquination. Thus, the dozens of clinical
trials that evaluate the benefits of Nrf2 activation, do so by
employing Keapl inhibition. Increasing the pool of Nrf2 by
preventing Keapl-mediated degradation is likely beneficial
for preventing oxidative stress; however, the data here sug-
gest that this approach may not truly target the diabetes-
induced defect in retinal Nrf2 regulation. Indeed, sul-
foraphane failed to alter the rate of Nrf2 degradation upon
REDDI induction. The data here are consistent with a pre-
vious study that attributes a deficit in Nrf2 activity to aug-
mented GSK3-signaling in nonhealing diabetic wounds (51).
Thus, new therapeutic approaches targeting REDD1-medi-
ated GSK3 inhibition to promote Nrf2 activation may be
beneficial in the context of diabetes.

Experimental procedures
Animals

WT and REDDI1 knockout B6;129 mice (52) were adminis-
tered 50 mg/kg STZ for 5 consecutive days to induce diabetes.
Nondiabetic control mice received sodium citrate buffer. Dia-
betic phenotype was assessed with fasting blood glucose levels
>250 mg/dl. C57BL/6N mice were administered STZ as
described above in addition to daily intraperitoneal injections
of either VP3.15 (10 mg/kg) or vehicle (10% DMSO, 0.9% NaCl)
during the 4th week of diabetes. All procedures were approved
by the Penn State College of Medicine Institutional Animal
Care and Use Committee (IACUC), and were in accordance
with the ARVO statement on the ethical use of animals in oph-
thalmological research.

Cell culture

MIO-M1 human Miiller cells were obtained from the UCL
Institute of Ophthalmology (London, UK). CRISPR/Cas9 ge-
nome editing to generate a stable MIO-M1 cell line deficient in
REDD1 (sgREDD1) and development of a HEK293 TetON HA -
REDDI1 (HEK TetON) advanced stable cell line were previ-
ously described (22, 26). All cells were cultured at 37 °C, in
5% CO, on CellBIND plates (Corning) with Dulbecco’s mod-
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ified Eagle’s medium (Invitrogen). MIO-M1 cells were cul-
tured in medium containing 5 mm glucose, 10% heat-inacti-
vated fetal bovine serum, and 1% penicillin/streptomycin.
HEK TetON cells were maintained in 25 mwm glucose supple-
mented with Tet System Approved fetal bovine serum
(Clontech) and kept under selective pressure using G418
(100 pg/ml) and hygromycin B (200 pg/ml). Where indi-
cated cell culture medium was supplemented with 1 pg/ml of
doxycycline (Fisher) to induce HA-REDD1 expression. For
studies on the effects of hyperglycemic conditions, cell cul-
ture medium contained either 30 mm glucose or 5 mm glu-
cose with 25 mM mannitol as an osmotic control. In specific
studies, culture medium was supplemented with 5 um cyclo-
heximide (Dot Scientific), 20 um MG-132 (EMD Millipore),
20 M sulforaphane (Sigma-Aldrich), 50 um LY294002 (Cell
Signaling Technology), 100 nm rapamycin (EMD Millipore),
5 um CHIR99021 (SelleckChem), or 1 um VP3.15 (Med Koo
Biosciences). Cells were transfected using Lipofectamine
2000 (Life Technologies). Plasmids included pCMV5 vector,
pCMV-HA-REDD1 (human), pCMV-FLAG-Nrf2 (human,
Addgene number 36971), pRL-CMV (Promega AF025843),
and an ARE firefly luciferase reporter (kindly provided by
Dr. Jivang Cai, University of Texas Medical Branch). Nrf2
variants were generated by site-directed mutagenesis using
the primers listed in Table S1 and a QuikChange Lightning
Kit (Agilent). All plasmids were validated by sequencing
analysis.

Nuclear fractionation

Isolation of cell nuclei was performed as previously described
(53). Briefly, cells were pelleted, washed with PBS, and re-sus-
pended in ice-cold buffer A (10 mm HEPES, pH 7.9, 1.5 mm
MgCl,, 10 mm KCl, 0.5 mm DTT) before Dounce homogeniza-
tion. A fraction of the lysate was combined in an appropriate
volume of 5X RIPA buffer and 2X Laemmli buffer to be used as
whole cell lysate analysis. Homogenates were centrifuged at
228 X gfor 5 min at 4 °C to pellet nuclei. The supernatant was
retained as the cytoplasmic fraction. The nuclear pellet was
re-suspended in sucrose buffer S1 (0.25 mm sucrose, 10 mm
MgCl,) and layered over a cushion of S3 (0.88 mm sucrose, 0.5
mwm MgCl,) and centrifuged at 2800 X g for 10 min at 4 °C. The
nuclear pellet was suspended in 1X RIPA buffer and combined
with 2X Laemmli buffer. Samples were boiled and analyzed by
Western blotting.

Short hairpin RNA (shRNA) knockdown of Nrf2

pLKO-shNFE2L2 plasmids for lentiviral shRNA knockdown
were obtained from the Penn State College of Medicine shRNA
Library Core (Fig. SLA). Lentivirus containing either scramble
control shRNA (shScram) (Addgene number 1864) or five sep-
arate Nrf2 shRNAs (shNrf2) were prepared via the HEK293FT
system and used to infect REDD1-deficient MIO-M1 cells for
48 h. Puromycin (1 pg/ml) was added to the cell culture
medium to select for stable clones expressing SaRNA. After 2
weeks, the stable cells were verified by Western blotting and
quantitative PCR.

SASBMB

REDD1 suppresses Nrf2 stability

ROS detection

Retinas were homogenized in lysis buffer as previously
described (24). Lysates were centrifuged at 1500 X g for 3 min
and the supernatant was exposed to 10 um dihydroethidium or
10 um DCEF. Fluorescence was measured using a Spectra Max
M5 plate reader (Molecular Devices) (excitation/emission =
480/576 nm). ROS were assessed in cells in culture using a
DCFDA Cellular ROS Detection Assay kit (Abcam).

ARE luciferase reporter assay

MIO-M1 WT and REDD1 knockout cells were co-trans-
fected with 500 ng of ARE-Firefly luciferase and 100 ng of
pRL-CMYV Renilla luciferase. After 24 h, luciferase activity was
measured on a FlexStation3 (Molecular Devices) using a Dual-
Luciferase Assay Kit (Promega).

Nrf2 DNA-binding ELISA

Nrf2 activity was quantified using a colorimetric Nrf2 DNA-
binding ELISA (TransAM Nrf2; Active Motif). Briefly, 10 ug of
nuclear protein was isolated from enucleated mouse retinas
and incubated for 1 h in the presence of an immobilized oligo-
nucleotide encoding the ARE consensus sequence. Nrf2 bind-
ing was quantified using an anti-Nrf2 primary antibody and
horseradish peroxidase-conjugated secondary. The resulting
signal was measured on a Spectra Max M5 plate reader (Molec-
ular Devices) (Abs/Ref = 450/655 nm).

Western blot analysis

Retinas were flash frozen in liquid nitrogen and homoge-
nized in 250 ul of lysis buffer as previously described (24). Cell
lysates and retinal homogenates were combined with Laemmli
buffer, boiled, and fractionated using Criterion Precast 4—20%
gels (Bio-Rad). Proteins were transferred to a polyvinylidene
fluoride membrane, reversibly stained to assess protein loading
(Pierce), blocked in 5% milk in TBS Tween 20, and evaluated
with the appropriate antibodies (Table S2).

RNA isolation and quantitative PCR

Total RNA was extracted with TRIzol (Invitrogen). RNA
(1 pg) was reverse transcribed using the High Capacity
c¢DNA Reverse Transcription Kit (Applied Biosystems) and
subjected to quantitative real-time PCR (QuantStudio 12K
Flex Real-Time PCR System) using QuantiTect SYBR Green
master mix (Qiagen) as previously described (26). Primer
sequences are listed in Table S3. Mean cycle threshold (C;)
values were determined for control and experimental sam-
ples. Changes in mRNA expression were normalized to
GAPDH mRNA expression using the 27227 calculations as
previously described (31).

Statistical analysis

Data are expressed as mean * S.D. Data were analyzed over-
all with either one-way or two-way analysis of variance. Trend
test and pairwise comparisons were conducted with the Tukey
test for multiple comparisons. Significance was defined as p <
0.05 for all analyses.
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