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Background: VEGF plays a causal role in diabetic retinopathy.

Results: Hyperglycemia induced VEGF and REDD1 expression in the retina of wild-type, but not REDD1 knock-out mice.
Conclusion: REDDI is necessary for hyperglycemia mediated effects on VEGF expression in the retina of diabetic mice.
Significance: Molecular therapies targeting REDD1 could prove useful in preventing pathological effects of hyperglycemia.

Vascular endothelial growth factor (VEGF) is considered a
major role player in the pathogenesis of diabetic retinopathy,
yet the mechanisms regulating its expression are not fully
understood. Our laboratory previously demonstrated that
diabetes-induced VEGF expression in the retina was depen-
dent on the repressor of mRNA translation 4E-BP1. Interac-
tion of 4E-BP1 with the cap-binding protein eIF4E regulates
protein expression by controlling the selection of mRNAs
for translation. The process is regulated by the master kinase
mTOR in complex 1 (mTORC1), which phosphorylates 4E-
BP1, thus promoting its disassociation from eIF4E. In the
present study, we investigated the role of the Akt/mTORC1
repressor REDD1 (regulated in development and DNA dam-
age) in diabetes-induced VEGF expression. REDD1 expres-
sion was induced by hyperglycemia in the retina of diabetic
rodents and by hyperglycemic conditions in Miiller cells con-
comitant with increased VEGF expression. In Miiller cells,
hyperglycemic conditions attenuated global rates of protein
synthesis and cap-dependent mRNA translation concomitant
with up-regulated cap-independent VEGF mRNA transla-
tion, as assessed by a bicistronic luciferase reporter assay.
Hyperglycemic conditions also attenuated mTORC1 signal-
ing and enhanced 4E-BP1 binding to eIF4E. Furthermore,
ectopic expression of REDD1 in Miiller cells was sufficient to
promote both increased 4E-BP1 binding to eIF4E and VEGF
expression. Whereas the retina of wild-type mice exhibited
increased expression of VEGF and tumor necrosis factor alpha
(TNF-a) 4 weeks after streptozotocin administration, the retina of
REDD1 knock-out mice failed to do so. Overall, the results demon-
strate that REDD1 contributes to the pathogenesis of diabetes in
the retina by mediating the pathogenic effects of hyperglycemia.

* This work was supported by the American Diabetes Association Pathway to
Stop Diabetes Grant 1-14-INI-04 (to M. D.D.), and National Institutes of
Health Grants EY023612 (to M. D.D.), DK15658 and DK13499 (to L.S. J.),
and EY020895 (to P. E.F.).

"To whom correspondence should be addressed: Dept. of Cellular and
Molecular Physiology, H166, The Pennsylvania State University College of
Medicine, 500 University Dr., Hershey, PA 17033. Tel.: 717-531-8737; Fax:
717-531-7667; E-mail: mdennis@psu.edu.

SASBMB

FEBRUARY 6, 2015 +VOLUME 290-NUMBER 6

Diabetic retinopathy (DR)? is the leading cause of blindness
in working age Americans, affecting more than one-third of the
nearly 21 million individuals with diabetes. The primary cause
of diabetes-related vision loss is neurovascular complica-
tions that result from hyperglycemia (1). The Diabetes Con-
trol and Complications Trial demonstrated that intensive
glycemic control is associated with reduced incidence and pro-
gression of DR (2), yet the molecular mechanisms whereby hyper-
glycemia mediates neurovascular dysfunction remain incom-
pletely understood. As a consequence, current clinical therapies
largely address symptoms rather than the molecular mechanisms
of the disease.

Levels of the pro-angiogenic cytokine vascular endothelial
growth factor (VEGF) are elevated in the vitreous fluid from
eyes of patients with DR (3), and the cytokine is considered a
major molecular role player in the neurovascular complications
of DR. While VEGF expression is classically thought of as
being regulated transcriptionally, more recent studies have
indicated that it is also regulated at the level of mRNA trans-
lation (4—6). Ribosome recruitment to the mRNA 5’-end
serves as the rate-controlling step in translation and in mam-
malian cells is classically thought of as occurring through
mechanisms that are either dependent on or independent of
am’GTP cap. The VEGF mRNA transcript has an exception-
ally long (1038 bases) G-C base pair rich 5'-untranslated
region (UTR) that contains alternative start sites and stop
codons in frame with the classical start site. Two indepen-
dent internal ribosome entry sites (IRES) within the UTR
control start codon selection (7) and allow the VEGF mRNA
to be translated independent of the 5'-cap under conditions
in which cap dependent translation is inhibited (4).

The Akt/mTORCI (master kinase mammalian target of rapa-
mycin complex 1) signaling pathway regulates mRNA translation
by governing assembly of the mRNA cap-binding complex, eIF4F,
which is composed of elF4E, elF4G, and elF4A (8). In their

2The abbreviations used are: DR, diabetic retinopathy; REDD, regulated in
development and DNA damage; VEGF, vascular endothelial growth factor;
mTORC, mTOR complex; UTR, untranslated region; IRES, internal ribosome
entry site; STZ, streptozotocin.
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hypophosphorylated state, e[F4E-binding proteins (4E-BPs) se-
quester the cap-binding protein eIlF4E away from elF4G and thus
inhibit cap-dependent mRNA translation. However upon phos-
phorylation by mTORC1, 4E-BPs are released from eIF4E, allow-
ing assembly of the elF4F-complex and thus a concomitant in-
crease in cap-dependent and a decrease in cap-independent
mRNA translation. We previously demonstrated that hypergly-
cemic conditions enhanced relative cap-independent translation
in the liver of diabetic mice and in cells in culture and that 4E-BP1
is necessary for the effect (9). Furthermore, we also showed that
4E-BP1, but not 4E-BP2, is necessary for increased VEGF expres-
sion in both the retina during diabetes and in cells maintained
under hyperglycemic conditions (9, 10). These previous studies
from our laboratory (18) demonstrate that the effect of diabetes-
induced hyperglycemia on 4E-BP1 is mediated at least in part
through the covalent addition of O-linked N-acetylglucosamine
(O-GlcNAcylation). Regulation of mRNA translation and specifi-
cally sequestration of eIF4E by 4E-BP1 potentially represent a key
mechanism in the pathological VEGF expression associated with
DR. However, the relative contribution of reduced phosphoryla-
tion and increased O-GlcNAcylation of 4E-BP1 in diabetes-
induced VEGF expression is unexplored. Thus, we set out to eval-
uate the signaling mechanisms whereby hyperglycemia alters
mRNA translation in the retina.

The protein Regulated in Development and DNA Damage 1
(REDD1; also known as DNA-damage-inducible transcript 4
(DDIT4), dexamethasone-induced gene 2 (Dig2), and RTP801)
governs phosphorylation of 4E-BP1 through inhibition of Akt/
mTORCI1 signaling (11). Our laboratory previously reported
increased REDD1 protein and mRNA expression in the muscle
of diabetic mice (12), and more recent reports have shown
enhanced REDD1 mRNA expression in the retinal pigment epi-
thelium/choroid of diabetic rats (13). Thus, in the present study
we set out to test the hypothesis that diabetes-induced REDD1
protein expression represents a translational control mecha-
nism that contributes to enhanced VEGF expression in the ret-
ina. The results show that hyperglycemia, rather than reduced
insulin availability, plays a dominant role in inducing both
VEGF mRNA translation and REDD1 expression. Moreover,
diabetes failed to promote expression of either VEGF or the
proinflammatory marker TNF-a in the retina of REDD1 knock-
out mice, demonstrating a critical role for REDD1 in diabetes-
induced pathology of the retina.

EXPERIMENTAL PROCEDURES

Materials—Protease inhibitor mixture was purchased from
Sigma, and ECL Western blot detection reagent from Pierce.
Horseradish peroxidase-conjugated goat anti-rabbit and mouse
IgG antibodies, as well as anti-phospho-S6K1 (Thr**?) were pur-
chased from Bethyl Laboratories. Anti-GAPDH (sc-32233), VEGF
(sc-7269), TNF-« (sc-12744), and horseradish peroxidase-conju-
gated goat anti-hamster IgG antibodies were purchased from
Santa Cruz Biotechnology. Anti-REDD1 antibody was purchased
from Proteintech. Anti-actin was purchased from Sigma. Prepara-
tion of the 4E-BP1 and elF4E antibodies has been previously
described (14, 15). All other antibodies were purchased from Cell
Signaling Technology.
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Animals—Age-matched male Sprague-Dawley rats (Charles
River, MA) received a single intraperitoneal injection con-
taining 65 mg/kg streptozotocin (STZ) dissolved in sodium
citrate buffer (pH 4.5) to induce diabetes. Male wild-type and
RTP801 (REDD1) knock-out C57Bl/6 X 129SvEv mice (16)
were treated with 50 mg/kg STZ for 5 consecutive days.
Control rodents were injected with equivalent volumes of
sodium citrate buffer. Diabetic phenotype was confirmed by
blood glucose concentration >250 mg/dl in freely fed
animals. Glycemic control was achieved in diabetic rats by
twice-daily subcutaneous phlorizin (200 mg/kg) injections
during the last 3 full days of the experiment, as well 3 h prior
to tissue harvest. Retinas were harvested following 4 weeks
of diabetes, flash-frozen in liquid nitrogen, and later soni-
cated in 250 pl of extraction buffer as previously described
(10). The homogenate was centrifuged at 10,000 X g for 5
min at 4 °C, and the supernatant was collected for analysis.

Cell Culture—TR-MUL retinal Miiller cells were provided by
K. Hosoya (Toyama Medical and Pharmaceutical University),
Moorfields/Institute of Ophthalmology-Miiller 1 (MIO-M1)
cells were provided by G. A. Limb (University College of Lon-
don), and REDD1*/* and REDD1 "/~ MEFs were provided by
L. Ellison (Massachusetts General Hospital Cancer Center).
Cells were maintained in DMEM containing 5 mm glucose and
supplemented with 10% heat-inactivated FBS (Atlas Biologi-
cals) and 1% penicillin/streptomycin (Invitrogen). Cells were
maintained at either 37 °C (MIO-M1 and MEFs) or 33°C
(TR-MUL) and 5% CO, atmosphere. For studies on the effects
of hyperglycemic conditions, cell culture medium was replaced
with medium containing 10% FBS and either 30 mm glucose or
5 mM glucose with 25 mm mannitol as an osmotic control added
16 h prior to harvest or as indicated. Global rates of protein syn-
thesis were calculated by the incorporation of **S-labeled methio-
nine into TCA-precipitable protein as previously described (17).
Transfections were performed using Xtremegene HP (Roche).
The following previously described plasmids (11) were used to
evaluate the effect of REDD1 expression: empty pCMV vector,
pCMV-HA-REDD], empty pTRE,,,, vector, and pTRE;,-HA-
REDDL1. pTRE,, plasmids were co-transfected with pRevTet-
On (Clontech), which expresses the reverse tetracycline-con-
trolled transactivator. Cell culture medium was supplemented
with doxycycline (1 ug/ml; Clontech) for 6 h to induce HA-
REDDI1 protein expression from the pTRE,,-HA-REDD1 plas-
mid. Renilla and firefly luciferase activity was measured in TR-
MUL cell lysates using a bicistronic luciferase reporter plasmid
containing the VEGF IRES (9) either 4 h after of exposure to
medium containing a high glucose concentration or 6 h after doxy-
cycline administration by Dual-Glo Luciferase Assay (Promega).
Anti-elF4E or anti-4E-BP1 antibodies were used as previously
described (18) to immunoprecipitate eIF4E or 4E-BP1.

Protein Analysis—A fraction of the supernatant was added to
1X SDS sample buffer, boiled for 5 min, and analyzed by West-
ern blotting as previously described (10). Another fraction of
the supernatant was evaluated with a Mouse VEGF Quantikine
ELISA (R&D systems).

RNA Isolation and Quantitative Real-time PCR Analysis—
RNA was extracted from cells with TRIzol reagent according
to the manufacturer’s instructions (Invitrogen). RNA (1 ug)
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FIGURE 1. Effect of diabetes-induced hyperglycemia on expression of REDD1 and VEGF and phosphorylation of 4E-BP1 in the retina. Diabetes was
induced in rats by STZ injection. Four weeks after the induction of diabetes, STZ-treated rats were subcutaneously injected with phlorizin (PHZ) to lower blood
glucose concentrations. Retina supernatant fractions were prepared and the abundance of REDD1 (A), phosphorylation of 4E-BP1 (B), and the abundance of
VEGF (C) were assessed by Western blot. Molecular weight markers are indicated with arrows in C. SDS-PAGE was performed using 15% Tris-HCl polyacrylamide
gels. Values are means + S.E. relative to actin (n = 8in A & C, 5 in B). Statistical significance is denoted *, p < 0.05.

was reverse transcribed using a High Capacity ¢cDNA
Reverse Transcription Kit (Applied Biosystems) and sub-
jected to quantitative real-time PCR using QuantiTect SYBR
Green master mix (Qiagen). QuantiTect SYBR Green prim-
ers were used for rat Vegfa and Actb (Qiagen). Primers for
mouse Vegfa were as follows: forward 5'-gag aga ggc cga agt
cct tt-3’, reverse 5'-ttg gaa ccg gca tct tta tc-3'. Primers for
mouse Gapdh were as previously described (19).

Statistical Analysis—The data are expressed as mean = S.E.
Analysis of variance was used to identify differences between
group means. When identified, Student’s ¢ test was used post
hoc to compare differences among groups. p < 0.05 was con-
sidered statistically significant.

RESULTS

Hyperglycemia Produces a Coordinate Increase in REDDI
and VEGF Expression in the Retina of Diabetic Rats—REDD1
protein expression was assessed in the retina of diabetic rats by
Western blot analysis. Following 4 weeks of STZ-induced dia-
betes, REDD1 expression was increased in the retina of diabetic
rats as compared with non-diabetic controls (Fig. 14). We have
previously reported decreased phosphorylation of 4E-BP1 on
Thr®*”’*¢ concomitant with elevated VEGF abundance in the
retina of diabetic rats (10). When analyzed by SDS-PAGE,
4E-BP1 can be resolved into multiple phospho-isoforms based
upon a reduced migratory capacity that is associated with
increased phosphorylation. In the present study, relative 4E-BP1
phosphorylation was lower in the retina of diabetic rats compared
with control rats as assessed by the proportion of the protein pres-
ent in the hyperphosphorylated -y isoform relative to total 4E-BP1
(i.e. the sum of the «, B, and vy isoforms, Fig. 1B). As expected, the
abundance of VEGF was also increased as compared with non-
diabetic cohorts (Fig. 1C). To specifically evaluate the contribu-
tion of diabetes-induced hyperglycemia to these changes, nor-
malization of blood glucose levels by phlorizin was used to
achieve glycemic control. As previously observed (20), twice-
daily administration of phlorizin reduced serum glucose levels
in diabetic rats close to normal levels independently of insulin
(145.0 = 23.0 mg.dL ™" in control versus 547.3 = 21.5 mg.dL "
in diabetic and 214.9 = 21.1 mg.dL™" in diabetic treated with
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phlorizin). Normalization of serum glucose concentrations also
reduced the abundance of REDD1 (Fig. 14), enhanced phos-
phorylation of 4E-BP1 (Fig. 1B), and reduced VEGF abundance
(Fig. 1C) in the retina of diabetic rats, such that levels were no
longer different than those observed in non-diabetic controls.
These findings demonstrate that hyperglycemia contributes to
the effect of diabetes on these key signaling proteins in the
retina.

Hyperglycemic Conditions Promote REDDI and VEGF Expres-
sion in Miiller Cells in Culture—To further evaluate the effect of
hyperglycemia on REDD1 and VEGF abundance, we employed
Miller cells in culture exposed to medium containing either con-
trol (5 mm) or high (30 mm) concentrations of glucose (i.e. a hyper-
glycemic condition). Miiller cells are the main glial cells of the
retina and a likely target of hyperglycemia (21, 22). Furthermore,
Miiller cells are activated early in the progression of DR (21) and
are among the cells responsible for the synthesis and expression of
a number of growth factors including VEGF that play a causative
role in retinal inflammation, vascular lesions, and increased per-
meability that characterize the disease (23, 24). In both human
MIO-M1 (Fig. 24) and rat TR-MUL (Fig. 2B) Miiller cells in
culture, exposure to medium containing 30 mm glucose increased
the abundance of REDD1 and VEGF as compared with control
medium containing 5 mm glucose with 25 mmM mannitol added as
an osmotic control. Furthermore, increased REDD1 and VEGF
abundance was detected in TR-MUL cells as early as 4 h after
exposure to high glucose and was maintained through 24 h (Fig.
20C).

Hyperglycemic conditions did not alter VEGF mRNA expres-
sion as compared with an osmotic control (Fig. 2D). Although
transcriptional changes are strongly correlated with those seen in
VEGF protein following prolonged exposure of retinal cells to
hyperglycemic conditions (i.e. >72 h), elevated VEGF protein
expression precedes the change in VEGF mRNA (25). Thus, a
post-transcriptional control mechanism allows retinal cells to
acutely responded to hyperglycemia. To evaluate the effect of
hyperglycemic conditions on global rates of protein synthesis, the
incorporation of *S-labeled methionine into cellular protein was
assessed. Global protein synthesis was reduced in TR-MUL cells
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FIGURE 2. Effect of hyperglycemic conditions on REDD1 and VEGF expression in Miiller cells in culture. Mller cell cultures were maintained in DMEM
containing 5 mm glucose and supplemented with 10% heat-inactivated FBS. Human MIO-M1 (A) or rat TR-MUL Mdiller (B) cells were exposed to medium
containing either 30 mm glucose or 5 mm glucose with 25 mm mannitol as an osmotic control. C, TR-MUL cells were exposed to medium containing 30 m glucose
as indicated. The abundance of VEGF, REDD1, and GAPDH was assessed by Western blot. Representative blots are shown. D, TR-MUL cells were treated as
described in B, and relative VEGF mRNA abundance was assessed by RT-qPCR. £, rate of protein synthesis was measured by incorporation of **S-labeled
methionine into protein. dpm, disintegrations per minute. F, diagram of bicistronic luciferase reporter where translation of Renilla luciferase (LucR) occursin a
cap-dependent manner and translation of Firefly luciferase (LucF) is regulated by the VEGF IRES in a cap-independent manner. G and H, TR-MUL cells were
exposed to medium containing 30 mm glucose as indicated and cap-dependent (G) and cap-independent (H) translation were assessed in lysates using the
bicistronic reporter described in F. RLU, relative light units. /, ratio of LucF to LucR activity in TR-MUL cell lysate supernatant fractions represented as the relative
activity from each reporter. Values are means + S.E. (n = 6). Statistical significance is denoted *, p < 0.05.
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FIGURE 3. Effect of hyperglycemic conditions on Akt/mTORC1 signaling and elF4E sequestration in Miiller cells. TR-MUL cell cultures were maintained in DMEM
containing 5 mm glucose and supplemented with 10% heat-inactivated FBS. Cells were then exposed to medium containing 30 mm glucose. A-D, phosphorylation of
Akt atThr3®® and Ser*’3, p70S6K1 phosphorylation on Thr*®°, and 4E-BP1 at Ser®” as well as abundance of Akt, 4E-BP1, p70S6K1,and GAPDH was assessed in cell lysates
by Western blot. D, binding of 4E-BP1 to elF4E was assessed in cell lysates by co-immunoprecipitation. SDS-PAGE was performed using either 15% (A) or 4-15%
Tris-HCl polyacrylamide gels (B-D). Representative blots are shown. Values are means + S.E. (n = 8). Statistical significance is denoted *, p < 0.05.

following exposure to 30 mm glucose (Fig. 2E). Thus, anincreasein  plasmid containing two open reading frames (ORF) encoding two
the overall rate of protein synthesis was not responsible for the  distinct luciferase enzymes, LucR and LucF (9). Translation of the
induction of VEGF protein expression following exposure to first ORF (LucR) occurs in a cap-dependent manner, whereas
hyperglycemic conditions. To specifically evaluate VEGF mRNA  translation of the second ORF (LucF) is driven by the VEGF IRES
translation in TR-MUL cells, we ectopically expressed a bicistronic  that is located between the two cistrons (Fig. 2F). Thus, LucF activ-
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ity functions as a reporter of cap-independent translation.
Whereas hyperglycemia attenuated cap-dependent translation
(Fig. 2G), cap-independent translation was enhanced (Fig. 2H).
Opverall, the relative LucF/LucR activity ratio in TR-MUL lysates
was increased by 54% upon exposure to hyperglycemic conditions
(Fig. 21).

Hyperglycemic Conditions Attenuate Akt/mTORCI Signaling in
Retinal Miiller Cells in Culture—The best characterized mecha-
nism for controlling the shift from cap-dependent to cap-inde-
pendent mRNA translation involves assembly of the eIF4F com-
plex (27), a process that is regulated by the mTORCI signaling
pathway (8). Since the effects of hyperglycemia are potentially
mediated by repression of mTORCI, we initially evaluated Akt/
mTORCI signaling in TR-MUL cells following exposure to
medium containing high glucose concentrations. We recently
demonstrated that REDD1 acts to repress mTORC1 by promoting
the association of protein phosphatase 2A with Akt, leading to the
site-specific dephosphorylation of the kinase on Thr*®%, a subse-
quent reduction in Akt-mediated phosphorylation of TSC2, and a
fall in the proportion of Rheb in the active GTP-bound state (11).
Direct interaction of Rheb-GTP, but not Rheb-GDP, with
mTORCI results in its activation and thus promotes hyperphos-
phorylation of 4E-BP1 and p70S6K1 (28). Following exposure to
medium containing high glucose concentrations, Akt phosphory-
lation was attenuated at the REDD1-sensitive Thr*® site, but not
at Ser*”® following (Fig. 3A). Furthermore, as compared with
osmotic controls, hyperglycemic conditions attenuated mTORC1
signaling in both MI0-M1 (Fig. 3B) and TR-MUL Miiller (Fig. 3C)
cells in culture as assessed by p70S6K1 phosphorylation on Thr*®®,
Importantly, the high glucose-induced phosphorylation changes
on both Akt and p70S6K1 were inversely proportional to the mag-
nitude of increase in REDD1 abundance (Figs. 2—-3).

To evaluate the effects of high glucose on elF4F complex
assembly, we assessed phosphorylation of 4E-BP1 in TR-MUL
cells. In support of the observation in the retina, hyperglycemic
conditions increased the abundance of the faster migrating
4E-BP1 isoforms, indicating a reduction in the phosphorylation
state of the protein (Fig. 34). Moreover, site-specific phosphor-
ylation of 4E-BP1 on Ser®®, which is exclusively detected in the
4E-BP1 vy-isoform, was also attenuated following exposure to
medium containing high glucose concentrations (Fig. 3A).
Although insufficient to block eIF4E binding alone, phosphor-
ylation of 4E-BP1 on Ser®® occurs after phosphorylation of both
Thr”® and Thr®”/#¢ (29). To specifically assess binding of
4E-BP1 to elF4E, 4E-BP1 was immunoprecipitated from TR-
MUL cells. Hyperglycemic conditions enhanced the co-immu-
noprecipitation of elF4E with 4E-BP1 as compared with the
osmotic control (Fig. 3D). Overall the results are consistent
with reduced mTORCI1 signaling and impaired assembly of the
elF4F complex in TR-MUL cells following exposure to hyper-
glycemic conditions.

REDDI Regulates VEGF Expression—To investigate the ne-
cessity of REDDI in the effects of hyperglycemic conditions
on mTORCI signaling and VEGF expression, REDD1"/" and
REDD1 /~ MEFs were exposed to medium containing either con-
trol or high glucose concentrations. Consistent with our observa-
tions in Miiller cells, hyperglycemic conditions attenuated phos-
phorylation of p70S6K1 and 4E-BP1 and enhanced REDD1
SASBMB
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FIGURE 4. REDD1 is necessary for the effect of hyperglycemic conditions
on VEGF expression. Wild-type and REDD1 knock-out mouse embryonic
fibroblasts (MEF) were maintained in 5 mm glucose medium as described
above. MEF were exposed to medium containing either 30 mm glucose or 5
mm glucose with 25 mm mannitol as an osmotic control. VEGF protein abun-
dance was assessed by ELISA. The abundance of GAPDH, REDD1, and
p70S6K1, and phosphorylation of p7056K1 on Thr*®? were assessed in cell
lysates by Western blot. SDS-PAGE was performed using 15% Tris-HCl poly-
acrylamide gels. Representative blots are shown. B, relative VEGF mRNA
abundance was assessed by RT-qPCR. Values are means + S.E. (n = 6). Statis-
tical significance is denoted *, p < 0.05.

abundance in REDD1"/" MEFs (Fig. 44). However, in REDD1 ™/~
MEFs, phosphorylation of p70S6K1 and 4E-BP1 was unchanged
following exposure to hyperglycemic conditions as compared with
REDD1"/" MEFs. Furthermore, exposure to hyperglycemic con-
ditions increased VEGF protein abundance in REDD1"/* but not
REDD1 /" MEFs (Fig. 4A) as assessed by ELISA. The relative
abundance of VEGF mRNA was not altered by hyperglycemic
conditions in either REDD1*/" or REDD1 "/~ MEFs (Fig. 4B).
Opverall, these data demonstrate that REDDI is necessary for the
hyperglycemia-mediated effects on mMTORC1 signaling and VEGF
expression.

To further evaluate the role of REDDI1 in the effect of hyper-
glycemic conditions on elF4F complex assembly and VEGF
expression, HA-tagged REDD1 was ectopically expressed in
TR-MUL cells. Ectopically expressed REDD1 both increased
the co-immunoprecipitation of 4E-BP1 with eIF4E (Fig. 5A)
and reduced phosphorylation of 4E-BP1 on Ser®® (Fig. 5B) as
compared with an empty vector control. Furthermore, ectopi-
cally expressed REDD1 induced VEGF protein abundance by
4-fold when compared with an empty vector (Fig. 5B). Ectopic
REDD1 also induced a small, but significant increase in relative
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relative LucF to LucR activity in TR-MUL cell lysate. REDD1 expression was induced by 6 h of doxycycline administration. Values are means + S.E. (n = 6).
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Statistical significance is denoted *, p < 0.05.

VEGF mRNA expression (Fig. 5C). To specifically evaluate the
effect of ectopic REDD1 on VEGF mRNA translation, we used
the previously described dual luciferase reporter (Fig. 2F). Fol-
lowing REDD1 induction, the relative LucF/LucR activity ratio
in TR-MUL lysates was increased as compared with an empty
vector control (Fig. 5D). Overall, REDD1 was sufficient to pro-
mote sequestration of eIF4E, enhance relative cap-independent
mRNA translation driven by the VEGF 5'-UTR, and induce
expression of VEGF protein in Miiller cells.

Ablation of REDD1 Prevents Diabetes-induced VEGF Expres-
sion in Mouse Retina—To evaluate the role of REDDI in the
effect of diabetes on VEGF expression in the retina, mice with a
germline disruption of REDD1 were administered STZ. Post-
prandial blood glucose concentrations were not different be-
tween wild-type (454.1 * 33.9 mg/dl) and REDD1 knock-out
(502.3 = 43.9 mg/dl) mice following 4-weeks of diabetes. Sim-
ilar to STZ-treated rats, REDD1 abundance was increased in
the retina of wild-type diabetic mice as compared with age-
matched non-diabetic animals (Fig. 64). As expected, REDD1
expression was undetectable in the retina of REDD1 knock-out
mice (Fig. 6A). It was previously demonstrated that p70S6K1
activity is decreased in the retina of rats following 4 weeks of
diabetes (30). In support of the previous data, phosphorylation
of p70S6K1 on Thr®® was attenuated in the retina of wild-type
mice following the induction of diabetes (Fig. 6B). However,
no difference in phosphorylation of p70S6K1 on Thr**® was
observed between non-diabetic and diabetic REDD1 knock-out
mice (Fig. 6B). This observation demonstrates a regulatory role
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for REDD1 in the repression of mTORC1 signaling in the retina
during diabetes.

To assess VEGF expression, ELISA was performed on whole
retina homogenates. VEGF protein expression was elevated in
the retina of diabetic wild-type mice as compared with non-
diabetic controls (Fig. 6C). Yet, retinal levels of VEGF were no
different between non-diabetic and diabetic REDD1 knock-out
mice. Importantly, VEGF expression was significantly lower in
the retina of diabetic REDD1 knock-out mice as compared with
their diabetic wild-type counterparts, such that levels were sim-
ilar to those observed in the retina of non-diabetic wild-type
mice (Fig. 6C).

Miiller cell-derived VEGF plays a causative role in retinal
inflammation (24), which has been implicated in the etiology
of DR (31). Expression of the proinflammatory marker tumor
necrosis factor alpha (TNF-a) is elevated in the vitreous of
patients with DR (32, 33) and Miiller cell specific disruption of
VEGF inhibits diabetes-induced overexpression of TNF-« (24).
Since diabetes failed to enhance VEGF in the retina of REDD1
knock-out mice, we also evaluated TNF-« expression. Whereas
retinas from diabetic wild-type mice exhibited more than a
2-fold increase in TNF-a expression compared with non-dia-
betic cohorts, diabetes failed to promote TNF-« expression in
the retina of REDD1 knock-out mice (Fig. 6D). This demon-
strates that REDD1 is not only necessary for diabetes-induced
overexpression of VEGF, but also contributes to the inflamma-
tory signaling associated with DR.

SASBMB

VOLUME 290-NUMBER 6+FEBRUARY 6, 2015



REDD1 Is Necessary for Hyperglycemia-induced VEGF Expression

A. Il Control
* sz
3 2004
s T
S
S 150+
<
Ke)
2 100
(]
g
— 50+
a
o n.d.
o =
REDD1
— —— — — %
Actin
Wild-type REDD1 KO
C: Il Control
* \ STZ
100 =
3 1
&%
g3 #
8 € —
99 50
e
>
g
- T T
Wild-type REDD1 KO

B. Il Control
[ stz
§ 100+
5
P
]
[
2o
O £ 50=
£
o U
R
[
<
O =
v 1
<4 | p70S6K1
a " T389-P
— p70S6K1
—— — — A Ctin
Wild-type REDD1 KO
D. Il Control
* o
~ 3004 [ stz
<]
g [
S
2 200+
&
i 100 #
o -
g T
S
E — T T

— TNF-a

. ——  —  — Actin

Wild-type REDD1 KO

FIGURE 6. REDD1 is necessary for attenuated mTORC1 signaling and enhanced VEGF expression in the retina of diabetic mice. Diabetes was induced in
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DISCUSSION

The findings of the present study provide further insight into
the mechanisms responsible for the effects of diabetes on VEGF
expression in the retina. The abundance of any given protein in a
cell (aka gene expression) is the sum of transcription, mRNA sta-
bility, mRNA translation, and protein degradation. Whereas the
pathological consequences of altered transcription and degrada-
tion have received much attention (34, 35), the effect of diabetes on
mRNA translation has been less well explored, despite the fact that
next-generation sequencing and large-scale proteomics demon-
strate a dominant contribution of mRNA translation to gene
expression (36). We recently reported the existence of a diabetes-
induced hyperglycemia-mediated shift in gene expression that was
associated with down-regulation of cap-dependent and concomi-
tant up-regulation of cap-independent mRNA translation in both
STZ-treated mice and cells in culture (9). The results reported
here support a model whereby hyperglycemia-induced REDD1
expression promotes VEGF production in the retina by contribut-
ing to the activation of a switch in mRNA translation (Fig. 7).

In the present study, we demonstrate that the effect of diabe-
tes on VEGF expression is mediated by hyperglycemia per se, as
phlorizin administration to normalize blood glucose levels pre-
vented the effect. This observation is supported by previous
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studies with retinal cells, where hyperglycemic conditions
increased VEGF abundance (10, 37, 38). Herein we extend the
previous studies to demonstrate that the effect is also depen-
dent on REDDI. In the retina of diabetic rodents, VEGF protein
abundance was not only elevated in a manner that paralleled
REDD1 abundance, but VEGF did not increase following STZ
administration to REDD1 knock-out mice, despite the increase
in blood glucose concentrations. Overall, the results demon-
strate that REDD1 is necessary for diabetes-induced VEGF
expression in the retina.

The abundance of VEGF protein is increased in the retina of
both STZ-induced diabetic rats and mice and Ins2*"*** mice with-
out a change in either VEGF mRNA expression or the expression
of HIF1-« (10). These observations suggest that important post-
transcriptional mechanisms exist for the regulation of VEGF
abundance. Indeed, the results presented herein confirm that
hyperglycemic conditions promote an increase in translation of
VEGF mRNA. Furthermore, the increased abundance of VEGF
protein expression in response to diabetes and hyperglycemic con-
ditions was observed in the absence of a change in VEGF mRNA
expression, supporting the importance of posttranscriptional
mechanisms. Under one condition employed in the present stud-
ies (i.e. the ectopic expression of REDD1) we did observed a mod-
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FIGURE 7. Working model for the role of REDD1 in the effect of diabetes-
induced hyperglycemia on VEGF expression. In both the retina of diabetic
rodents and Muller cells in culture, hyperglycemic conditions increase the
abundance of the protein REDD1. REDD1 acts to repress Akt/mTORC1 signal-
ing in a manner that attenuates phosphorylation of 4E-BP1 and promotes
sequestration of the mRNA cap-binding elF4E. In turn, global protein synthe-
sis is repressed. However, whereas cap-dependent translation is attenuated,
cap-independent translation by the VEGF IRES is activated. Thus, hyperglyce-
mia-induced VEGF abundance results as a consequence of REDD1 in the
retina.

est increase in VEGF mRNA expression. However, this was
accompanied by a much greater (5-fold) increase in VEGF protein
expression, implying that mechanisms other than transcription
were involved. Indeed, under those same conditions, a 54%
increase in cap-independent VEGF mRNA translation was
observed. Nonetheless, these observations do raise the possibility
that conditions exist, such as long-term diabetes, in which tran-
scriptional as well as translational control mechanisms contribute
to the hyperglycemia-induced changes in VEGF expression.

We previously demonstrated that STZ-induced diabetes
reduces global rates of protein synthesis in the retina of rats and
that blood glucose normalization with phlorizin is sufficient to
reverse the effect (39). Here, we found that protein synthesis
was also attenuated in Miiller cells following acute exposure to
hyperglycemic conditions. This observation is supported by a
previous report that insulin-stimulated protein synthesis is
reduced in cells pretreated with medium containing high
glucose concentrations (40). Hyperglycemic conditions also
decreased cap-dependent mRNA translation and increased
cap-independent translation mediated by the VEGF IRES. Sim-
ilar to the effect of hyperglycemia, global protein synthesis is
inhibited by exposure to hypoxia, which causes an overall loss
of polysomes (41). Furthermore, hypoxia also controls a cap-
dependent to cap-independent translation switch that is medi-
ated by eIF4E availability and increases the selective translation
of mRNAs containing IRESs including VEGF (42). Intriguingly,
REDD1 was initially identified as a gene induced by hypoxia
(43) and disruption of REDD1 blocks hypoxia-induced inhi-
bition of mTORC1 (44). Thus, the molecular mechanisms
through which hyperglycemia and hypoxia act to induce gene-
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specific changes in mRNA translation may be similar. Indeed,
the concept of “hyperglycemic psuedohypoxia” in the retina has
been long argued to result from an increase in the cytosolic
NADH:NAD™ ratio as a consequence of hyperglycemia, despite
normal oxygen partial pressure (45).

REDD1 was linked to oxygen-induced retinopathy shortly
after its discovery (16). Brafman et al. (16) demonstrated that
REDDI1 is induced in the retina under ischemic conditions, and
that ablation of REDD1 conferred significant reduction in both
retinal pathologic neovascularization and apoptosis within the
inner nuclear layer (16). Notably, in oxygen-induced retinopa-
thy, VEGF mRNA expression is similar in the retina of wild-
type and REDDI1 knock-out mice (16). Thus, while it is clear
that the effects of oxygen tension on VEGF gene expression are
mediated at least in part by hypoxia inducible transcription
factors (46), the protective effects of REDD1 ablation on reti-
nopathy are not likely to function at this level.

Overexpression of REDD1 was not only sufficient to induce
VEGF in Miiller cells in culture, but ablation of REDD1 prevented
increased VEGF expression in the retina of diabetic mice. Regula-
tion of VEGF gene expression is particularly important, because
VEGF plays a causal role in the development and progression of
complications associated with DR (24). Elevated VEGF expression
precedes retinal neovascularization in patients with diabetes and is
largely localized to glial cells of the inner retina (47). While it is
likely that VEGF is initially increased in preclinical DR as a mech-
anism to maintain retinal vascular bed integrity, continued eleva-
tion of VEGF concentrations in ischemic areas leads to the
increased vascular permeability and neovascularization that char-
acterize the later stages of the disease (48). Intravitreal injections of
recombinant VEGF are sufficient to produce vascular abnormali-
ties in primates (49). Similarly, overexpression of VEGF in the
rodent retina induces neovascularization (50). In contrast, emerg-
ing treatments that attempt to neutralize VEGF such as anti-VEGF
antibodies show great promise, particularly with regards to man-
agement of the later proliferative stages of DR (51). However, anti-
VEGEF therapies are not specific to vascular cells, as VEGF regu-
lates proliferation, differentiation, and survival of both glial and
neuronal cells in the adult retina (52). Systemic VEGF neutraliza-
tion produces significant neural cell death and decline of retinal
function as measured by electroretinogram (ERG) (26). Thus,
the therapeutic blockade of VEGF is accompanied by important
caveats.

In the present study, ablation of REDD1 not only prevented
the diabetes-induced elevation in VEGF abundance in the ret-
ina, but in both diabetic and non-diabetic REDD1 knock-out
mice VEGF was maintained at levels similar to those observed
in non-diabetic wild-type cohorts. This observation demon-
strates that molecular therapies designed to target REDDI,
such as PF-04523655 (13), could prove useful in preventing the
pathological effect of hyperglycemia on VEGF abundance with-
out abolishing all VEGF function. In fact, Timothy et al. (Tim-
othy et al. IOVS 2005; 46:ARVO E-Abstract 427) determined
that diabetes fails to induce retinal vascular permeability or
ERG abnormalities in REDD1 knock-out mice. The results of
the present study suggest that the reportedly protective effects
of REDD1 ablation are potentially mediated through modula-
tion of VEGF expression.
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Overall, the results support a model where diabetes-induced
hyperglycemia increases REDD1 expression, attenuates Akt/
mTORCI1 signaling, and promotes cap-independent transla-
tion from the VEGF IRES (Fig. 7). In both the retina of diabetic
rodents and Miiller cells in culture, hyperglycemic conditions
increased the abundance REDD], leading to hypophosphor-
ylation of the translational repressor 4E-BP1. Hyperglycemia
repressed both global protein synthesis and cap-dependent
mRNA translation. However, hyperglycemic conditions or
ectopic REDD1 expression was sufficient to promote cap-inde-
pendent translation by the VEGF IRES and expression of the
cytokine. Importantly, increased REDD1 expression was criti-
cal for the effect of hyperglycemia on VEGF expression in both
cells in culture and the retina. Moreover, REDD1 is not
required for basal VEGF expression, but rather an increase in its
expression represents a stress response to hyperglycemic con-
ditions. Thus, REDD1 is necessary for hyperglycemia-induced
VEGF expression in the retina.
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