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The stress response protein regulated in development
and DNA damage response 1 (REDD1) has been impli-
cated in visual deficits in patients with diabetes. The
aim here was to investigate the mechanism responsible
for the increase in retinal REDD1 protein content that is
observed with diabetes. We found that REDD1 protein
expression was increased in the retina of streptozotocin-
induced diabetic mice in the absence of a change in
REDD1 mRNA abundance or ribosome association. Oral
antioxidant supplementation reduced retinal oxidative
stress and suppressed REDD1 protein expression in the
retina of diabetic mice. In human retinal Muller cell cultures,
hyperglycemic conditions increased oxidative stress, en-
hanced REDD1 expression, and inhibited REDD1 degra-
dation independently of the proteasome. Hyperglycemic
conditions promoted a redox-sensitive cross-strand di-
sulfide bond in REDD1 at C150/C157 that was required
for reduced REDD1 degradation. Discrete molecular dy-
namics simulations of REDD1 structure revealed alloste-
ric regulation of a degron upon formation of the disulfide
bond that disrupted lysosomal proteolysis of REDD1.
REDD1 acetylation at K129 was required for REDD1 rec-
ognition by the cytosolic chaperone HSC70 and degra-
dation by chaperone-mediated autophagy. Disruption
of REDD1 allostery upon C150/C157 disulfide bond for-
mation prevented the suppressive effect of hyperglyce-
mic conditions on REDD1 degradation and reduced
oxidative stress in cells exposed to hyperglycemic con-
ditions. The results reveal redox regulation of REDD1
and demonstrate the role of a REDD1 disulfide switch in
development of oxidative stress.

Oxidative stress plays a central role in the development
of diabetic complications, including diabetic retinopathy
(1). Hyperglycemic conditions cause oxidative stress by both
increasing the production of reactive oxygen species (ROS)
and reducing antioxidant capacity of the cell (2,3). ROS,
such as superoxide and hydrogen peroxide, mediate cyto-
toxic effects through the oxidation of proteins, lipids, and
nucleic acids. In addition, ROS act as critical signaling
molecules through the covalent modification of intracellular
redox sensors (4,5). The role of ROS as second messengers
is mediated in part by oxidation of reactive cysteine thiol
side chains, resulting in altered function, localization, or
expression of the target protein.

The stress response protein regulated in development
and DNA damage response 1 (REDD1, also known as
DDIT4/RTP801) has long been linked with oxidative stress
(6,7), and evidence supports a causal role for REDD1 in
diabetes-induced oxidative stress in the retina (8-10).
REDD1 acts as a dominant governor of mammalian tar-
get of rapamycin complex 1 (mTORC1) (11), an effect
that is mediated at least in part by promoting the asso-
ciation of protein phosphatase 2A with Akt, leading to
site-specific dephosphorylation of the kinase at T308
and altered substrate specificity (12). Retinal REDD1 pro-
tein expression is enhanced in preclinical rodent models of
diabetes, and REDD1 deletion prevents the development
of retinal neurodegeneration and functional deficits in vi-
sion (8,9,13-15). Intravitreal administration of a siRNA
targeting the REDD1 mRNA (PF-04523655) has also
demonstrated promise in improving the visual function of
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patients with diabetic macular edema (16). Surprisingly,
REDD1 mRNA abundance in the retina of diabetic rats is
similar to that observed in nondiabetic controls (17). This
suggests the possibility that diabetes acts through a post-
transcriptional mechanism to promote retinal REDD1 pro-
tein expression.

Protein degradation is a highly regulated process that
is heavily influenced by diabetes (18). In particular, the
expression of stress response proteins like REDD1 is of-
ten controlled at the level of protein stability (19). In the
absence of cellular stress, REDD1 is rapidly degraded, as
the protein exhibits a half-life of ~5 min (20). The most
well-studied mechanism for the rapid degradation of spe-
cific proteins is the ubiquitin-proteasome pathway. Indeed,
prior studies support that REDD1 is ubiquitinated and de-
graded by the proteasome (21,22). While less well explored
than the ubiquitin-proteasome pathway, selective protein
degradation may also be mediated by autophagy. In par-
ticular, chaperone-mediated autophagy (CMA) facilitates
lysosomal degradation of specific KFERQ-like motif-
bearing proteins in response to changes in cellular envi-
ronment (23).

The aim here was identify the mechanism responsible
for the increase in retinal REDD1 protein content that is
observed with diabetes. We found that hyperglycemic con-
ditions promoted formation of a disulfide bond between
cysteine residues on adjacent antiparallel B-strands of
REDD1. The disulfide bond suppressed REDD1 degradation
by CMA through allosteric regulation of a KFERQ-like motif
that was required for REDD1 interaction with the cytosolic
chaperone heat shock cognate 71-kDa protein (HSC70).
The findings identify REDD1 as a molecular ROS sensor
and delineate the mechanism of redox-sensitive REDD1
degradation.

RESEARCH DESIGN AND METHODS

Animals

At ~5 weeks of age, wild-type (WT) and REDD1-knock-
out (KO) B6;129 (24) and Pdgfra-cre; HA-Rpl22 mice
(25) were administered 50 mg/kg (males) or 75 mg/kg
(females) streptozotocin (STZ; MilliporeSigma) dis-
solved in sodium citrate buffer for 5 consecutive days
to induce diabetes. Nondiabetic control mice received
sodium citrate buffer vehicle. Mice were maintained at
~18-23°C with 12-h light/12-h dark and had access to
standard chow (Teklad) and water ad libitum. Diabetic
phenotype was assessed as fasting blood glucose levels
>250 mg/dL. Retinas were analyzed after 6 weeks of
diabetes. In some studies, diabetic mice were orally ad-
ministered ~2 g/kg of N-acetyl-i-cysteine (NAC) daily
via drinking water, as previously described (8). Thickness
of retinal layers was evaluated by optical coherence to-
mography, as recently described (15). All procedures
were approved by the Penn State College of Medicine
Institutional Animal Care and Use Committee (Protocol
No. 202101862) and were in accordance with the
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Association for Research in Vision and Ophthalmology
statement for the ethical use of animals in ophthalmic
and vision research.

Terminal TUNEL

Mice were euthanized by administration of 300 mg keta-
mine/30 mg xylazine/kg body wt, followed by decapitation.
Retinas were isolated, immersion-fixed in 4% paraformalde-
hyde, and whole-mounted on microscope slides. Retinas
were processed with an ApopTag Peroxidase in situ
Apoptosis detection kit (EMD Millipore), as previously
described (26). We used 3-amino-9-ethylcarbazole (Sigma-
Aldrich) in 50 mmol/L sodium acetate buffer (pH 5.0) as
the substrate.

Cell Culture

MIO-M1 human Muller cells were obtained from the Uni-
versity College London Institute of Ophthalmology (London,
U.K). Generation and culture of REDD1-KO MIO-M1 and
human embryonic kidney (HEK) 293 tetracycline-on
(Tet-On) HA-REDD1 cells was previously described (12,14).
Cells were transfected using Lipofectamine 2000 (Life Tech-
nologies) with the following plasmids: pCMV5 empty vec-
tor, pCMV-HA-REDD1 (human), pCMV-Myc-FLAG-
Lamp2A (OriGene), and pCMV-Myc-FLAG-REDD1 (OriGene).
Plasmid variants were generated by site-directed muta-
genesis using a QuikChange Lightning Kit (Agilent) and
the appropriate primers (Supplementary Table 1). For stud-
ies on the effects of hyperglycemic conditions, cell culture
medium contained 30 mmol/L glucose or 5 mmol/L glucose
with 25 mmol/L mannitol as an osmotic control. In specific
studies, culture medium was supplemented with 5 pwmol/L
cycloheximide (Dot Scientific), 20 wmol/L MG-132 (EMD
Millipore), 1 mmol/L H,0, (MilliporeSigma), 10 mmol/L
NAC (MilliporeSigma), 20 pmol/L AR7 (MedChemExpress),
or 10 nmol/L bafilomycin (MilliporeSigma). Where indi-
cated, cells were preexposed to H,O, (2 h) or MG-132
(30 min) before AR7 or cycloheximide.

Protein Analysis

Retinas were harvested, flash frozen in liquid nitrogen,
and later homogenized in 250 pL extraction buffer, as
previously described (27). Lysosomes were purified using
a Lysosome Isolation Kit (Abcam) according to the manu-
facturer’s instructions. Retinal homogenates, cell lysates,
and protein isolates were fractionated using Criterion
Precast 4-20% gels (Bio-Rad Laboratories). Proteins
were transferred to polyvinylidene fluoride, blocked in
5% milk in Tris-buffered saline Tween 20, washed, and
incubated overnight at 4°C with the appropriate anti-
bodies (Supplementary Table 2). The antigen-antibody
interaction was visualized with enhanced chemilumi-
nescence Clarity Reagent (Bio-Rad Laboratories) using a
ProteinSimple Fluorochem E.

€20z Joquiaidag || uo jsenb Aq ypd'GGe022aP/08150.L/¥9.2/2 L/ | LAPd-aile/sajeqelp/Bio sjeunolsalagelp//:djy woly papeojumog



2766 REDD1 Oxidation Suppresses Its Degradation

Liquid Chromatography-Tandem Mass Spectrometry
Analysis

HEK293 cells were transfected to express FLAG-REDD1
and then exposed to 1 mmol/L H,0,. Cells were collected
in buffer A (20 mmol/L HEPES [pH 7.4], 2 mmol/L EGTA,
50 mmol/L NaF, 100 mmol/L KCl, 0.2 mmol/L EDTA,
50 mmol/L B-glycerophosphate, 1 mmol/L dithiothreitol,
1 mmol/L benzamidine, 50 mmol/L sodium vanadate,
1 mmol/L microcystin, 10 pL/mL protease inhibitor mix-
ture [MilliporeSigma], and 2.5% Triton-X-100), and 1,000g
supernatant fractions were collected. FLAG-REDD1 was
affinity purified using EZview Red Anti-FLAG M2 Affinity
Gel (MilliporeSigma) and eluted with 3xFLAG peptide
(MilliporeSigma). FLAG-REDD1 was gel purified and sub-
ject to in-gel trypsin digestion, as previously described (28).
Peptides were extracted, dried in a speed-vac, and reconsti-
tuted in 10 pL of solvent A (2.5% acetonitrile, 0.1% formic
acid). A nanoscale reverse-phase high-performance liquid
chromatography capillary column was created by packing
2.6-um C18 spherical silica beads into a fused silica capil-
lary. Peptides were loaded onto the column and eluted with
increasing concentrations of solvent B (97.5% acetonitrile,
0.1% formic acid). Eluted peptides were subjected to electro-
spray ionization and then entered into an LTQ Orbitrap
Velos Pro ion trap mass spectrometer (Thermo Fisher Sci-
entific). Peptides were detected, isolated, and fragmented
to produce a tandem mass spectrum of specific fragment
ions. Peptide sequences were determined by matching
protein databases with the acquired fragmentation pat-
tern using SEQUEST (Thermo Fisher Scientific) (29). Data
were filtered to between a 1% and 2% peptide false dis-
covery rate.

Biotin Switch Assay

Biotin labeling was performed as previous described (30).
Briefly, three fully confluent 10-cm dishes of MIO-M1
cells were lysed on ice using a Dounce homogenizer with
biotin labeling lysis buffer (BLLB, 50 mmol/L Tris-HCl
[pH 7.0], 5 mmol/L EDTA, 120 mmol/L NaCl, and 0.5%
IGEPAL-630) with 10 pL/mL protease inhibitor mixture
(MilliporeSigma) and 100 mmol/L maleimide (Millipore-
Sigma) to alkylate all unmodified cysteines. Lysates were
centrifuged at 20,000g for 10 min at 4°C to remove de-
bris, and the protein content of the clarified supernatant
was measured by DC Protein Assay (Bio-Rad). The con-
centration of each sample was then adjusted to 1 mg/mL
with BLLB, and SDS was added to a final volume of 1%.
Samples were incubated at room temperature for 2 h.
Proteins from each sample were precipitated using 5 vol-
umes of acetone prechilled at —20°C, and samples were
incubated at —20°C for 20 min. The preparations were
then centrifuged at 20,000g for 10 min at 4°C, and the
protein pellets were air dried. Precipitants were resus-
pended in 200 pL BLLB with 1% SDS, 10 mmol/L dithio-
threitol, and 0.1 mmol/L biotin-maleimide (MilliporeSigma)
to reduce oxidized sulfhydryl groups and allow their re-
action with biotin-malemide. Proteins were precipitated
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with 5 volumes of methanol, resuspended in 500 pL of
BLLB, and incubated with 10 pL of 50% streptavidin-
Sepharose bead slurry (GE Healthcare) for 2 h at 4°C. Beads
were washed with BLLB, and proteins were eluted in SDS
sample buffer.

Immunoprecipitations

Supernatant fractions of cell lysates were prepared in
buffer A supplemented with protease and phosphatase in-
hibitors, as described above. Lysates were incubated at
4°C for 30 min. Anti-FLAG affinity gel (10 pL per sample)
was washed thrice with low-salt buffer (20 mmol/L Tris-
HCl [pH 7.4], 150 mmol/L NaCl, 5 mmol/L EDTA, 0.5%
Triton X-100, and 0.1% B-mercaptoethanol) and blocked
with low-salt buffer plus 1% BSA for 1 h at 4°C. Lysates
were incubated with the affinity gel for 2 h at 4°C and
washed thrice with buffer A. Samples were eluted in SDS
sample buffer and boiled for 5 min. Miller cell-specific ri-
bosomes were isolated from Pdgfra-cre; HA-Rpl22 mice
as previously described (25). Ribosome-associated RNA
was processed by adding 375 pL of Buffer RLT (QIAGEN)
to the remaining beads and using a RNeasy Micro kit
(QIAGEN).

RNA Analysis

Total RNA was extracted from whole retina with TRIzol
(Invitrogen). RNA (1 wg) was reverse transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems). Rpl22™*-ribosomes were immunopreci-
pitated from the retina of Pdgfra-cre; HA-Rpl22 mice, and
RNA was isolated as previously described (25). RNA was
subjected to quantitative real-time PCR (QuantStudio 12K
Flex Real-Time PCR System) using QuantiTect SYBR Green
master mix (QIAGEN), as previously described (14). Primer
sequences are listed in Supplementary Table 1. Mean cycle
threshold (CT) values were determined for control and ex-
perimental samples. Changes in mRNA expression were nor-
malized to GAPDH mRNA expression using the 2 AACT
calculations.

Computational Investigation of REDD1 Allostery

A crystal structure of REDD1 (31) was obtained from Pro-
tein Data Bank (PDB ID 3LQ9). Discrete molecular dy-
namics (DMD) (32-34) was used to identify residues in
REDD1 whose positions were correlated. Mutations at
V178 were evaluated using the Eris web server (35) for
overall increase in protein Gibbs free energy, with higher
values of AG indicating greater destabilization of the crys-
tal structure. All DMD simulations were performed for
several million time steps (~100 ps of real time). The di-
sulfide bond was modeled as a hard distance constraint
between the sulfurs of C150 and C157, with a range
of 1.5 to 3.0 A (36). The trajectories were examined in
PyMol to ensure the protein did not unfold significantly
during simulation. Trajectories were processed in Python
3.9. Each snapshot of the trajectory was aligned to the
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starting configuration using the Kabsch algorithm, an un-
weighted average position was calculated for each residue
based on all the atoms in that residue, and Pearson corre-
lation coefficients between all residue pairs were calcu-
lated for each dimension using NumPy 1.21.1 (37). The
correlation coefficients were then averaged over the x, y,
and z dimensions. Contact maps were plotted using Mat-
plotlib 3.5.0. The Ohm web server (38) was used to esti-
mate the allosteric contacts in WT REDD1. A Fisher r-to-z
transformation was performed when comparing the con-
tact maps. A two-sided z test was performed, with signifi-
cance set at o = 0.01, applying a Bonferroni correction for
multiple comparisons of n x (n — 1)/2, where n was the
number of residues.

ROS Detection

Retinas were homogenized in lysis buffer as previously de-
scribed (8). Lysates were centrifuged at 1,500g for 3 min,
and the supernatant was exposed to 10 pmol/L 2/,7'-
dichlorofluorescein (DCF). ROS were assessed in cells in
culture using a DCF diacetate (DCFDA) Cellular ROS De-
tection Assay kit (Abcam). Fluorescence was measured us-
ing a SpectraMax M5 plate reader (Molecular Devices).

Miller and Associates 2767

Statistical Analysis

Western blots were quantified using ImageJ software (National
Institutes of Health). Results are expressed as mean + SD. Sta-
tistical analyses were performed using GraphPad Prism soft-
ware, with P value <0.05 defined as statistically significant.
Data were analyzed overall with the Student t test or one-way
or two-way ANOVA. Trend test and pairwise comparisons
were conducted with the Tukey test for multiple comparisons.

Data and Resource Availability

Data sets, code to generate Figs. 4A-C and 6D and E, DMD
trajectories, Ohm contact maps, and resources generated
during this study are available from the corresponding
author upon reasonable request.

RESULTS

Diabetes Enhances REDD1 Protein Expression in the
Retina of Diabetic Mice

To determine the impact of diabetes on retinal REDD1 ex-
pression, REDD1"/" and REDD1 ™/~ mice were adminis-
tered STZ to promote hyperglycemia (Fig. 1A). In support
of prior studies demonstrating a role for REDD1 in
diabetes-induced retinal pathology (39), diabetic REDD1 /"
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Figure 1—Diabetes promotes retinal degeneration and increases REDD1 protein content. A: Diabetes was induced in WT (REDD1+/*)
and REDD1-KO (REDD1~/7) transgenic mice by administration of STZ or a vehicle (Veh) control. Fasting blood glucose concentrations
were evaluated. B: Retinal thickness was determined with optical coherence tomography. Retinal thickness was manually measured from
the retinal nerve fiber layer to the photoreceptor outer segments as indicated by calipers (green). Representative images are shown. C: Retinal
flat mounts were labeled with TUNEL-horseradish peroxidase, and TUNEL-positive nuclei were quantified. D: REDD1 and tubulin protein ex-
pression were evaluated in retinal lysates from REDD1 ** mice by Western blotting. Representative blots are shown. Protein molecular mass in
kDa is shown at right. E: REDD1 mRNA expression in retinal lysates was quantified by quantitative PCR analysis. F: Muller glia-specific expres-
sion of HA-tagged Rpl22 in the retina was achieved by crossing WT RiboTag mice to a PDGFRa-cre recombinase-expressing mouse, resulting
in deletion of the WT exon 4 in the target cell population and replacement with the Rpl22H exon. PDGFRa-Cre*; HA-Rpl22 mice were adminis-
tered STZ or Veh. Ribosomes were isolated from retinal lysates of PDGFRa-Cre ™" ; HA-Rpl22 mice by affinity purification. REDD1 mRNA associ-
ation with ribosomes was determined by quantitative PCR. G: Oxidative stress was quantified by evaluating DCF fluorescence in retinal lysates.
H: REDD1 and tubulin protein expression in retinal lysates was evaluated by Western blotting. Diabetic mice received ~2 g/kg NAC daily via
drinking water (G and H). Data are represented as mean = SD. *P < 0.05 vs. Veh or no NAC treatment; #P < 0.05 vs. REDD1V/™,
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mice exhibited reduced retinal thickness (Fig. 1B and
Supplementary Figs. 1 and 2A) and increased retinal
apoptosis (Figs. 1C and Supplementary Fig. 2B), whereas
diabetic REDD1 ™/~ mice did not. Consistent with prior
studies (8,9,13,15,39), REDD1 protein expression in retinal
lysates from diabetic mice was enhanced compared with
nondiabetic controls (Fig. 1D). However, a corresponding
increase in REDD1 mRNA abundance was not observed in
the retina of diabetic mice (Fig. 1E). REDD1 expression
in the retina localizes to Pdgfra-positive Miiller glia (15).
REDD1 mRNA association with Rpl22"*-ribosomes isolated
from Miller glia of Pdgfra-cre; HA-Rpl22 RiboTag mice was
not altered by diabetes (Fig. 1F). To determine whether oxi-
dative stress influenced retinal REDD1 protein expression,
diabetic mice were administered the antioxidant NAC. NAC
reduced ROS in the retina of diabetic mice (Fig. 1G) and
suppressed REDD1 protein expression (Fig. 1H). Together,
the data support that diabetes promotes REDD1 protein
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content in the retina via a posttranslational mechanism
that depends on augmented ROS levels.

ROS Inhibit Proteasome-Independent REDD1 Degradation
The impact of hyperglycemic conditions on REDD1 turn-
over was investigated by transiently expressing HA-tagged
REDD1 in a previously characterized human retinal MIO-
M1 Miller cell line (14). Hyperglycemic conditions reduced
HA-REDD1 degradation in a cydoheximide-chase assay rela-
tive to an osmotic control (Fig. 24). Consistent with the prior
report (8), retinal cells exposed to hyperglycemic conditions
exhibited increased cellular ROS levels (Fig. 2B). In cells
exposed to hyperglycemic conditions, NAC addition to cul-
ture medium prevented enhanced ROS levels and restored
HA-REDD1 degradation (Fig. 2C). The data support that hy-
perglycemic conditions suppress REDD1 degradation by pro-
moting ROS levels. Indeed, exposure to the oxidant H,0,
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Figure 2—Hyperglycemic conditions suppress proteasome-independent REDD1 degradation by promoting oxidative stress. A: HA-REDD1
was expressed in REDD1-KO MIO-M1 cells by transient transfection. Cells were exposed to medium containing 30 mmol/L glucose (HG) or
5 mmol/L glucose plus 25 mmol/L mannitol as an osmotic control (OC) for 4 h. Cycloheximide (CHX) was used to inhibit protein synthesis.
REDD1 and tubulin protein expression were evaluated by Western blotting (n = 6). Representative blots are shown. Protein molecular mass
in kDa is indicated at right of blots. B: ROS were visualized in WT MIO-M1 cells with DCFDA. DCF fluorescent intensity was quantified after
exposure to HG or OC in the presence and absence of the antioxidant NAC. C: HA-REDD1 protein degradation was assessed in REDD1-KO
MIO-M1 cells by CHX-chase assay. D: HEK293 Tet-On HA-REDD1 cells were exposed to culture medium containing H,O, (HP) for 2 h,
followed by CHX-chase in the presence/absence the proteasome inhibitor MG-132 (n = 4). E: HA-REDD1 was expressed in REDD1-KO
MIO-M1 cells, and REDD1 protein degradation was evaluated by CHX-chase following exposure to HP and/or MG-132. F: HA-REDD1 was
expressed in REDD1-KO MIO-M1 cells, and REDD1 protein degradation was evaluated by CHX chase in the presence of MG-132 following
exposure to either HG or OC (n = 4). Data are represented as mean + SD. *P < 0.05 vs. OC or Veh; #P < 0.05 vs. control.
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reduced REDD1 degradation (Fig. 2D and E and Supple- Formation of a Redox-Sensitive Cross-Strand Disulfide
mentary Fig. 3). To determine whether the suppressive ef- Inhibits REDD1 Degradation

fect of ROS on REDD1 degradation was mediated by re- To investigate redox modification of REDD1, purified re-
duced proteolysis, cells were exposed to the proteasome combinant FLAG-tagged REDD1 (Supplementary Fig. 4A)
inhibitor MG-132. Surprisingly, H,O, and proteasomal inhi- was exposed to HyO, and subject to liquid chromatography-
bition had an additive effect in reducing HA-REDD1 degrada- tandem mass spectrometry. A disulfide-linked peptide
tion in both HEK293 Tet-On (Fig. 2D) and MIO-M1 (Figs. (“**DVCVEQGKSCHSVGQLAL'®) was observed in the spec-
2E and Supplementary Fig. 3) cells. Consistent with a pro- tra, and fragmentation revealed a cystine at C150/C157
teasome-independent effect of ROS, MG-132 was not suf- (Fig. 34). REDD1 C150 and C157 side chains are located
ficient to prevent reduced HA-REDD1 degradation in cells  superficially and in proximity to form an intramolecular
exposed to hyperglycemic conditions (Fig. 2F). disulfide (31) (Fig. 3B and Supplementary Fig. 4B). The two
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Figure 3—REDD1 degradation is reduced by a redox-sensitive disulfide bond. A: Liquid chromatography-tandem mass spectrometry
fragmentation of AspN-digested FLAG-REDD1 identified a cystine-linked peptide by loss of 2.01565 Da that included C150/C157.
B: REDD1 protein structure (PDB ID 3LQ9) includes an o/B sandwich with two antiparallel a-helices and four B-strands. Inset highlights
3.3-A distance between the C150 and C157 side chains. C: Two-dimensional graphic of REDD1 secondary structure illustrates location of
C150/C157 cross-strand disulfide. D: C150/C157 of REDD1 exhibit sequence conservation. E: REDD1 cysteine oxidation in MIO-M1 cells
exposed to medium supplemented with 30 mmol/L glucose (HG) or an osmotic control (OC) for 4 h was evaluated by biotin switch assay.
Western blotting was used to evaluate REDD1 and PKM2 in biotin pull-downs and whole-cell lysates (WCL). Representative blots are
shown. Protein molecular mass in kDa is indicated at right of blots. REDD1 in biotin pull-down was quantified. PKM2 was evaluated as a
positive control. F and G: WT, C150S, and C157S HA-REDD1 variants were expressed in REDD1-KO MIO-M1 cells. Cells were exposed
to OC vs. HG for 4 h (F) or to vehicle (V) or H,O, (HP) for 2 h (G). REDD1 cysteine oxidation was evaluated by biotin switch assay. H: WT,
C150S, and C157S HA-REDD1 variants were expressed in REDD1-KO MIO-M1 cells. HA-REDD1 variant degradation was evaluated by
cycloheximide (CHX)-chase assay. Data are represented as mean + SD. *P < 0.05 vs. OC or Veh; #P < 0.05 vs. WT.
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Figure 4—Allosteric regulation of REDD1 KFERQ-like motif controls HSC70 binding. A: DMD was used to examine the correlation of pair-
wise residues in REDD1 with (lower triangle) and without (upper triangle) the C150/C157 disulfide bond. Strong interactions are indicated
near residues C150/C157 and V178 (red circle). Interactions between V178 and «-helix 2 near K129 (blue circle) were also observed. B: An
Ohm contact map was generated to identify allosteric communication networks within REDD1. C: Fisher r-to-z transformation and, subse-
quently, a z test was performed on the difference between correlation coefficients for the DMD simulations in A. Statistically significant dif-
ferences between DMD positional coefficients for REDD1, with and without the disulfide, are shown, with nonsignificant results set to 0.
Changes in coordination of residues with a-helix 2 are indicated (black box). D: Sequence conservation of an acetylation-generated
KFERQ-like motif (***KELLR'®3) in a-helix 2 was observed among vertebrates. E: FLAG-tagged WT, C150S, and C157S FLAG-REDD1
variants were expressed in MIO-M1 REDD1 KO cells. Cells were exposed to vehicle (V) or H,O, (HP) for 2 h. FLAG-REDD1 was immuno-
precipitated from cell lysates. REDD1 and HSC70 were evaluated in the immunoprecipitate (IP) and whole-cell lysates (WCL) by Western
blotting. Representative blots are shown. Protein molecular mass in kDa is indicated at right of blots. HSC70 binding with FLAG-REDD1
was quantified. F: FLAG-tagged WT and K129R REDD1 variants were expressed in cells, and REDD1 binding with HSC70 was evaluated

by FLAG-tag immunoprecipitation. Data are represented as mean + SD. *P < 0.05 vs. V; #P < 0.05 vs. WT.

cysteines are on adjacent antiparallel B-strands (Fig. 3C) and
well conserved (Fig. 3D). Redox modification of cysteines in
REDD1 was examined by biotin switch assay (40). In cells
exposed to hyperglycemic conditions, biotin-maleimide was
readily incorporated into REDD1 (Fig. 3E). However, neither
the HA-REDD1 C150S nor HA-REDD1 C157S exhibited an
increase in reactive cysteines upon exposure to hyperglycemic
conditions (Fig. 3F) or H,O, (Fig. 3G). Moreover, the suppres-
sive effect of H,O, on HA-REDD1 degradation was not ob-
served with HA-REDD1 C150S or HA-REDD1 C157S (Fig. 3H
and Supplementary Fig. 4C and D). WT and C150S/C157S
REDD1 variants acted similarly in the suppression of S6K1
phosphorylation (Supplementary Fig. 4E), supporting that the
disulfide was not required for REDD1 to inhibit mTORCI.

REDD1 Oxidation Disrupts Recognition by HSC70
To understand the potential impact of the C150/C157
disulfide on REDD1 structure/function, we performed

DMD simulations in the absence and presence of the
disulfide bond, modeled as a distance constraint between
the sulfurs (1.5-3.0 A). As an approximation to allostery, we
visualized correlation of pairwise residue positions over the
course of each simulation (Fig. 4A). These correlation coeffi-
cients revealed whether two residues were prone to traveling
in the same direction at any given time, with a higher
correlation coefficient indicating a stiffer allostery. Our
results agreed with the allosteric pathways predicted by
Ohm (Fig. 4B), in which V178 was seen to interact with
C150/157 as well as a-helix 2 (Fig. 3B, teal), distant from
the disulfide. Global allosteric differences were observed
in the presence and absence of the disulfide bond, indicat-
ing that the disulfide significantly affects REDD1 struc-
ture (Fig. 4C). Examination of the a-helix 2 sequence for
a putative degron identified an acetylation-activated KFERQ-
like motif (*’KELLR™®, KFERQ finder [23]) (Fig. 4D). WT
REDD1 was recognized by an anti-acetyl-lysine antibody, but
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not the REDD1 K129R variant (Supplementary Fig. 5A).
H50, did not alter REDD1 lysine acetylation, nor was
there a difference in lysine acetylation between WT and
the C150S/C157S variants of REDD1 (Supplementary Fig. 5A
and B). The chaperone HSC70 binds KFERQ-like motifs to
direct substrate proteins to the lysosome for CMA (41).
HSC70 coimmunoprecipitated with FLAG-tagged REDD1,
and the interaction was reduced upon exposure to H,O,
(Fig. 4E). HSC70 coimmunoprecipitation with FLAG-REDD1
C150S or C157S was not altered by H,0,. In support of a
role for the KFERQ-like motif, REDD1 K129R failed to asso-
ciate with HSC70 (Fig. 4F) but was oxidized upon H,0, ex-
posure (Supplementary Fig. 5C and D).

Hyperglycemia-Induced ROS Prevent REDD1
Degradation by CMA

Lysosomal proteolysis of REDD1 was investigated by ex-
posing cells to the CMA-activator/retinoic acid receptor-o
antagonist AR7 (42). HA-REDD1 localization to lysosomes
was enhanced by AR7 in a manner that was similar to the
CMA target c-fos (43) (Fig. 5A). Previous studies have
shown that expression of LAMP?2A is sufficient to pro-
mote CMA (44). In the current study, LAMP2A expression
reduced HA-REDD1 expression (Fig. 5B) and accelerated
its degradation in a cycloheximide-chase assay (Fig. 5C).
Endogenous REDD1 expression was also reduced in cells
exposed to AR7 compared with vehicle (Fig. 5D). The
lysosomal proton-pump inhibitor bafilomycin prevented
the suppressive effect of AR7 on HA-REDD1 expression
(Fig. 5E and Supplementary Fig. 6A and B). Similarly, ex-
posure to H,O, or hyperglycemic conditions blunted the
reduction in HA-REDD1 expression by AR7 (Fig. 3F and
Supplementary Fig. 6C and D). H,O, also prevented a re-
duction in endogenous REDD1 expression after exposure
to AR7 (Fig. 5G). Unlike WT REDD1, REDD1 K129R ex-
pression was not reduced in cells exposed to AR7 (Fig. 5H).
Moreover, hyperglycemic conditions failed to prevent the
reduction in expression of REDD1 C150S and C157S in
cells exposed to AR7 (Supplementary Fig. 6E).

V178 Is Critical for Allosteric Regulation of REDD1 by
the Disulfide Bond

To better understand the allosteric regulation of REDD1,
we investigated residues that interacted with the C150/
C157 disulfide bond. V178 is located in close proximity to
the disulfide bond and surrounded by several charged side
chains (i.e., E152, R180, R215) (Fig. 6A4). V178 is located
in B-strand 3, which exhibits high sequence conservation
(Fig. 6B). Because of the close packing of these residues,
we hypothesized that a minor mutation at V178 may dis-
rupt the overall REDD1 allostery. To identify substitu-
tions at V178 that would be favorable for REDD1
stability, AAG calculations were performed using the Eris
web server (35) (Fig. 6C). V178l mutagenesis of REDD1
resulted in the minimal increase in AAG (Fig. 6C). As with
the WT REDD1, DMD simulations were performed on the
REDD1 V178l variant in the presence and absence of the
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disulfide (Fig. 6D). Residual differences identified in DMD
simulations of WT REDD1, with and without the C150/
C157 disulfide, differed from those in the REDD1 V178I
variant (Fig. 6E), supporting the blunting of allosteric
regulation.

Disruption of Allosteric Regulation Prevents REDD1
Stabilization and Oxidative Stress

To test the hypotheses generated from our computational
work, we examined degradation of the REDD1 V178I vari-
ant. Whereas H,0, prevented the suppressive effect of
AR7 on WT REDD1 expression, a similar protective effect
of H,0, was not observed with REDD1 V178I (Fig. 6F).
Similarly, H,O, prevented the rapid degradation of WT
REDD1, but not REDD1 V178I (Fig. 6G). The absence of
a protective effect on REDD1 V178I was not due to dis-
ruption of the disulfide bond, as REDD1 WT and V1781
exhibited a similar extent of cysteine oxidation following
exposure to H,O, (Fig. 6H). Consistent with the prior re-
port (8), REDD1 expression in MIO-M1 cells exposed to
hyperglycemic conditions was increased in coordination
with cellular ROS levels (Fig. 6I). Importantly, REDD1
expression was required for hyperglycemia-induced oxi-
dative stress. In REDD1-KO cells wherein REDD1 was
rescued by HA-REDD1 expression, hyperglycemic condi-
tions enhanced ROS levels (Fig. 6J). Exposure to hyper-
glycemic conditions also enhanced HA-REDD1 protein
content in cells expressing low concentrations of the
plasmid (Supplementary Fig. 7). However, an increase
in HA-REDD1 expression upon exposure to hyperglyce-
mic conditions was not observed when WT REDD1 was
expressed at higher plasmid concentrations nor with
HA-REDD1 V1781 expression at low or high plasmid
levels. In coordination with the failure to upregulate
HA-REDD1 V178I protein expression at low plasmid
levels, hyperglycemia-induced ROS were blunted com-
pared with WT HA-REDD1 (Fig. 6J). However, rescuing
REDD1 expression with WT or V1781 HA-REDD1 was
sufficient to restore hyperglycemic-induced oxidative stress
when either protein was expressed at a high concentra-
tion. The data support a model wherein allosteric regula-
tion of REDD1 upon formation of the disulfide bond
leads to REDD1 accumulation and hyperglycemia-induced
oxidative stress (Fig. 7).

DISCUSSION

An array of human pathologies results from the failure of
regulatory proteins to be expressed appropriately. In ro-
dent models of both type 1 and type 2 diabetes, REDD1
protein expression is increased in the retina (8,9,13,14),
and positive effects of REDD1 suppression have been
demonstrated in the context of diabetic retinopathy
(13,16,39). Protein expression is the ultimate sum of
events, including transcription, translation, and mRNA
and protein degradation, that determine cellular protein
content. In the retina of diabetic mice, REDD1 protein
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Figure 5—REDD1 is degraded by chaperone-mediated autophagy. A: HA-REDD1 was expressed in REDD1-KO MIO-M1 cells. Lysosomes
were isolated by subcellular fractionation from cells exposed to the CMA-activator AR7 or vehicle (Veh) for 1 h. REDD1, c-fos, and LAMP2
expression were evaluated in whole-cell lysate (WCL) vs. lysosomes (Lyso) by Western blotting. Representative blots are shown. Protein mo-
lecular mass in kDa is indicated at right of blots. REDD1 and c-fos lysosomal association was quantified. B: HEK293 Tet-On HA-REDD1 cells
were transfected to express FLAG-tagged LAMP2A or an empty vector (EV) control. REDD1, LAMP2A, and tubulin protein expression was
evaluated by Western blotting. C: REDD1 degradation was evaluated in HEK293 Tet-On HA-REDD1 cells expressing FLAG-LAMP2A or EV
by cycloheximide (CHX)-chase (n = 4). D: HEK293 cells were exposed to tunicamycin for 4 h to promote endogenous REDD1 expression and
subsequently exposed to AR7 or Veh (n = 5). E: HEK293Tet-On HA-REDD1 cells were exposed to culture medium containing AR7 in the
presence/absence of the autophagy inhibitor bafilomycin (n = 4). F: HA-REDD1 was expressed in REDD1-KO MIO-M1 cells by transient
transfection. Cells were exposed to medium containing 30 mmol/L glucose (HG) or H,O, (HP) for 24 h prior to addition of AR7 or Veh (n = 4).
G: Endogenous REDD1 expression was evaluated in HEK293 cells pretreated with HP or water as a control for 2 h prior to exposure to AR7
or Veh for 2 h. H: WT or K129R HA-REDD1 variants were expressed in REDD1-KO MIO-M1 cells by transient transfection (n = 4). Cells were
exposed to Veh or AR7 as indicated. Data are represented as mean + SD. *P < 0.05 vs. Veh or EV; #P < 0.05 vs. water or WT.

expression was enhanced in the absence of a correspond- by hyperglycemia per se, as the induction of glucosuria
ing change in either abundance or ribosome-association in diabetic mice to normalize blood glucose concentra-
of REDD1 mRNA. We previously found that the in- tions prevented the effect. Herein, we demonstrate that
crease in retinal REDD1 protein content was mediated hyperglycemic conditions impair lysosomal proteolysis of
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Figure 6—Disruption of REDD1 allosteric regulation prevents REDD1 stabilization and hyperglycemia-induced oxidative stress. A: Side
chains of C150/C157 in REDD1 coordinate with V178. B: REDD1 V178 exhibits sequence conservation among vertebrates. C: Eris web

server was used to predict the stability of REDD1 V178 variants. D: DMD simulations were performed on REDD1 V178l in the absence (top

triangle) and presence (bottom triangle) of the C150/C157 disulfide. E: Comparison of DMD simulations for REDD1 WT vs. V178I, with and

without the disulfide, supported disruption of protein-wide allostery in the V178I mutant. F and G: HA-tagged REDD1 WT or V178l variants

were expressed in REDD1-KO MIO-M1 cells. Cells were exposed to vehicle (V) or H,O, (HP) for 2 h prior to administering AR7 (F) or cyclo-

heximide (CHX) (G), and REDD1 expression was evaluated by Western blotting. Representative blots are shown. Protein molecular mass
in kDa is indicated at right of blots. H: REDD1 oxidation was evaluated by biotin switch assay. PKM2 was evaluated in biotin pull-downs

as a positive control. HA-REDD1 and PKM2 expression in whole-cell lysate (WCL) was determined by Western blotting. /: WT and REDD1-
KO MIO-M1 cells were exposed to medium containing 30 mmol/L glucose (HG) for up to 6 h, and ROS were visualized with DCFDA.
REDD1 and tubulin expression were evaluated by Western blotting, and DCF fluorescent intensity was quantified (n = 3). J: WT and V178l
REDD1 variants were expressed at a low (12.5 ng of plasmid) or high (100 ng of plasmid) level in REDD1-KO MIO-M1 cells. Cells were ex-
posed to medium containing 30 mmol/L glucose (HG) or 5 mmol/L glucose plus 25 mmol/L mannitol as an osmotic control (OC) for 24 h.
DCFDA was used to quantify ROS in cells. Data are represented as mean + SD. *P < 0.05 vs. V; #P < 0.05 vs. no treatment; $P < 0.05 vs. WT.
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Figure 7—Working model for a REDD1 redox switch in develop-
ment of oxidative stress in DR. HSC70 interacts with REDD1
through a KFERQ-like motif that is created upon K129 acetylation
(Ac) to facilitate degradation by CMA. In response to hyperglyce-
mic conditions, a disulfide bridge (S-S bond) forms at REDD1
C150/C157, which acts allosterically to disrupt HSC70 binding to
REDD1. The consequent reduction in REDD1 degradation leads to
its accumulation and facilitates hyperglycemia-induced oxidative
stress. Created with Biorender.com.

REDD1 by promoting the formation of a redox-sensitive
disulfide.

Disulfide bonds have long been regarded as static
structural features that occur in the oxidizing environ-
ment of the endoplasmic reticulum; however, the forma-
tion of reversible redox-sensitive disulfide bonds has
more recently been appreciated to play a central role in
the detection and response to oxidative stress (45,46).
Strands B1-B3 of REDD1 form a W-loop, wherein the an-
tiparallel strands B2 and B3 are separated by the inter-
vening (1 strand that hydrogen bonds with both. The
disulfide at C150/C157 seemed unlikely to confer addi-
tional rigidity or stability to the protein, as cross-strand
disulfides typically produce highly stressed torsional an-
gles for the half-cystines (45). Such disulfides were
dubbed “forbidden,” as the adjacent strands must adopt a
high twist with respect to each other that is stoichiomet-
rically prohibitive (46). The functional implications of
these strained confirmations are now recognized in a
number of important redox switches (45). We found
that the strain induced by formation of the REDD1
C150/C157 disulfide allosterically regulated an acetylation-
activated KFERQ-like motif on the opposite face of the
protein.

REDD1 was recognized by an acetyl-lysine antibody, and
K129 was required for both the modification and coimmu-
noprecipitation with HSC70. REDD1 K129 is preceded by a
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glycine at the —1 position and fits the consensus motif for
diabetes-induced lysine acetylation sites identified in the
kidney of diabetic rats (47). Sequence conservation of
K129 was observed among vertebrates, with the exception
of substitution to the acetyl-lysine mimetic glutamine in
reptiles and fishes. The best characterized example of an
acetylation-activated KFERQ-like motif is found in PKM2.
Hyperglycemia-induced acetylation of PKM2 at K305 leads
to activation of its KFERQ-like motif to facilitate HSC70
recruitment and CMA degradation (48). PKM2 also con-
tains multiple oxidation-sensitive cysteines that become
modified to inhibit activity of the kinase (49). Thus,
PKM?2 oxidation and acetylation act in concert to inhibit
and degrade the protein. By contrast, REDD1 oxidation
and acetylation were found to work in opposition, with
acetylation of REDD1 favoring lysosomal degradation and
oxidation preventing the effect. No variation in REDD1 ly-
sine acetylation was observed in the presence/absence of
the disulfide. Rather, the data are consistent with a
model in which the C150/C157 disulfide of REDD1 dis-
rupts HSC70 recognition of the K129 acetylation-activated
KFERQ-like motif.

The synthesis of rapidly degraded proteins is energeti-
cally unfavorable but can be advantageous by allowing cel-
lular concentrations of regulatory proteins to be quickly
fine-tuned in response to stresses or environmental cues.
REDD1 is ubiquitinated and targeted to the 26S pro-
teasome by both CUL4A-DDB1-ROC-B-TRCP (21) and
HUWEZ1 (50) E3 ligases. Initially, we suspected that the
reduction in REDD1 turnover under hyperglycemic con-
ditions was due to disrupted proteasomal degradation.
However, we found that hyperglycemic/oxidative condi-
tions were additive with proteasomal inhibition in sup-
pressing REDD1 degradation. In a prior study, proteasomal
inhibition slowed REDD1 degradation, but was insufficient
to prevent rapid turnover of the protein (i.e., REDD1 half-
life was only increased from ~5 to 40 min) (21). We ex-
tend on the prior investigations of REDD1 turnover by
demonstrating that the protein is also subject to rapid
degradation via CMA.

A role for REDD1 C150/C157 was previously investi-
gated when their superficial orientation and proximity
was observed in the REDD1 crystal structure (31). Consis-
tent with the prior report, C150S/C157S mutagenesis did
not alter the suppressive effect of REDD1 on mTORCI-
dependent phosphorylation of S6K1, demonstrating that
C150/C157 was not required for REDD1 to act on its
downstream targets. Importantly, we found little evidence
of the C150/C157 disulfide without exposure to oxidants
or hyperglycemic conditions. This supports that the disul-
fide bond is not generated in the endoplasmic reticulum
during protein folding. Thus, it is likely that these studies
compared mTORC1 suppression by WT REDD1 without
the disulfide to C150S/C157S variants that could not
form the disulfide, as cells were not manipulated to pro-
mote oxidation of cytoplasmic proteins (31). Regardless,

€20z Joquiaidag || uo jsenb Aq ypd'GGe022aP/08150.L/¥9.2/2 L/ | LAPd-aile/sajeqelp/Bio sjeunolsalagelp//:djy woly papeojumog



diabetesjournals.org/diabetes

the findings here do not support a role for the C150/
C157 disulfide in the suppressive effect of REDD1 on
Akt/mTORC1 signaling. Rather, the data demonstrate
that REDD1 oxidation contributes to accumulation of the
protein and increased oxidative stress in response to hy-
perglycemic conditions.

In both the retina of diabetic mice and in retinal cells
in culture exposed to hyperglycemic conditions, REDD1 is
necessary for the development of oxidative stress (8,9).
Evidence supports that REDD1 contributes to the devel-
opment of oxidative stress by both enhancing production
of mitochondrial reactive oxygen species and undermining
the Nrf2 antioxidant response (10). Hyperglycemic condi-
tions suppressed degradation of REDD1 protein via forma-
tion of a C150/C157 disulfide that allosterically regulated
interaction with HSC70. Surprisingly, either C150S or
C157S substitution was sufficient to prevent cysteine
oxidation on REDD1 in cells exposed to hyperglycemic
conditions. This observation suggests that the local en-
vironment created by both cysteine thiols is necessary
for formation of a highly reactive sulfenic acid interme-
diate that precedes the disulfide bond (51). These stud-
ies also support that allosteric regulation of REDD1 by
the disulfide is mediated through V178, as V178l sub-
stitution prevented the suppressive effect of the disul-
fide on REDD1 degradation by CMA. In REDD1-KO
cells where REDD1 expression was rescued, hyperglycemia-
induced ROS accumulation was restored. In contrast to WT
REDD1, REDD1 V178l expression was not increased upon
exposure to hyperglycemic conditions, and the lower ex-
pression of REDD1 V178l was associated with blunted
hyperglycemia-induced ROS. When the REDD1 V178l
variant was expressed at a higher level by increasing the
amount of plasmid used in transfection, hyperglycemia-
induced oxidative stress was restored. This supports that
the disulfide promotes REDD1 upregulation, which can be
prevented by V1781 mutagenesis. However, when REDD1
V178l expression was artificially enhanced by transfecting
a higher concentration of the plasmid, glucose-induced
oxidative stress returned. Overall, these proof-of-concept
studies demonstrate a role for V178 in increased REDD1
expression and consequently development of oxidative
stress in response to hyperglycemic conditions.

Diabetes promotes REDD1 expression in the retina,
and the protein has been implicated in visual deficits in
both preclinical models and in patients with diabetes.
When considering the modest performance of PE-
04523655 in improving visual acuity in patients with
diabetic macular edema (16), it is important to note
that effectiveness of the siRNA in suppressing REDD1
protein expression in the context of diabetes has never
been determined. In fact, variation in rates of mRNA
and protein turnover determines the suitability of a gene
target for knockdown by siRNA. Thus, diabetes-induced
stabilization of REDD1 protein would be counterproduc-
tive to reducing REDD1 protein expression in the retina
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by siRNA knockdown. Targeting a redox-sensitive molec-
ular switch that causes a decline in REDD1 protein deg-
radation in response to diabetes potentially represents a
superior therapeutic strategy for preventing the patho-
logical increase in REDD1 protein content.
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