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ARTICLE INFO ABSTRACT

keywords: Diabetic retinopathy (DR) and other diabetic vascular complications are the leading cause of death and disability
Diabetic retinopathy in patients with suboptimum glycemic control. In the pathogenesis of diabetic vascular diseases, hyperglycemia-
DNA damage

induced oxidative stress, DNA damage, and poly-ADP-ribose-polymerase (PARP) hyperactivation play important
roles in endothelial cell impairment. Adipose differentiation-related protein FBXW7 was reported to regulate
PGC-1a stability and mitochondrial homeostasis. Here, we investigated the role and mechanism of FBXW7 in
repairing endothelial oxidative stress injuries under hyperglycemic conditions. FBXW7 promoted the hampered
activity of homologous recombination and non-homologues end joining pathway for repairing DNA double-
strand breaks damage, an initiating factor for PARP hyperactivation and diabetic vascular complications. The
abundant mobilization of DNA damage repair mediated by FBXW7 suppressed PARP activation, leading to
downregulation of PARP expression and activity in both human endothelial cells and diabetic rat retinas. This
provided a new method for PARP inhibition, superior to PARP inhibitors for treating diabetic vascular
complication. Furthermore, FBXW7 rescued downregulated NAD+ levels and ameliorated mitochondrial
dysfunction, thereby reducing superoxide production under hyperglycemic conditions. These effects reversed
oxidative injury and vascular leakage in diabetic rat retina, providing a potential future treatment strategy.

Endothelial cell
Mitochondria
Oxidative stress

mitochondrial electron transfer chain (ETC) and produces massive
amount of reactive oxygen species (ROS), that can cause DNA damage
such as double-strand breaks (DSBs), and subsequent overactivation of
poly-ADP-ribose-polymerase (PARP). Then, the hyper-activated PARP
inhibits the activity of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) by consuming substrate NAD+ and attaching poly-ADP-ribose
(PAR) to it. When GAPDH is inhibited, the physiological glycolysis is
interfered. Meanwhile, the glycolytic side branching pathways including
the polyol, protein kinase C, and hexosamine biosynthesis pathways, are
activated and advanced glycation end products are formed, which
triggers oxidative stress injury in target cells, including macro- and
micro-vascular cells [5]. Therefore, ROS overproduction and PARP
overactivation are two crucial upstream pathogenic factors, that must be

1. Introduction

Diabetic cardiovascular disease (CVD) and micro-vascular compli-
cations, such as diabetic retinopathy (DR), are the leading causes of
death and disability in people with high blood glucose [1]. The preva-
lence of diabetic vascular complications has increased rapidly as the
number of individuals with diabetes mellitus (DM) has grown [2,3].
Unfortunately, no effective intervention is currently available for these
complications due to their complex pathogenesis.

Oxidative stress plays a significant role in the pathogenesis of dia-
betic vascular complications. As illustrated by the widely recognized
“unified mechanism theory” [4], hyperglycemia blocks the
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Abbreviations
DR diabetic retinopathy
PARP poly-ADP-ribose-polymerase

PGC-la peroxisome proliferator-activated receptor y coactivator
NAD+  Nicotinamide adenine dinucleotide

CVD cardiovascular disease

DM diabetes mellitus

ETC electron transfer chain

GAPDH glyceraldehyde-3-phosphate dehydrogenase

PAR poly-ADP-ribose

T1IDM  type 1 diabetes

T2DM  type 2 diabetes

3AB 3-Aminobenzamide

OXPHOS oxidative phosphorylation

PFVM  proliferative fibrovascular membrane
ERM epiretinal membrane

DDR DNA damage response
DSBs DNA double-strand breaks

ATM ataxia telangiectasia mutated
ATR ATM- and Rad3-related

HR homologous recombination
NHEJ non-homologues end-joining

TFAM  mitochondrial transcription factor A
Rot/Aa rotenone and antimycin A

H50, hydrogen peroxide

OCR oxygen consumption rate

ECAR extracellular acidification rate

EB Evans blue

SOD superoxide dismutase

NOX NADPH oxidase
FBXW7 F-box and WD repeat domain containing 7
ROS reactive oxygen species

recognized [6,7].

Recent studies showed that intensive glycemic control improved, but
did not prevent the progression of diabetic vascular complications in
both type 1 diabetes(T1DM) and type 2 diabetes(T2DM). Besides blood
glucose, a series of factors including obesity, hypertension, dyslipide-
mia, inflammation, and insulin resistance, underlie the onset and
development of diabetic vascular complications [8]. Dyslipidemia in
patients with T2DM confers a significant additional risk of adverse
outcomes to patients with CVD, despite optimal management with
conventional therapy [9,10]. And analysis of blood lipid profiles
established a close association between the development of diabetic
vasular disease and dyslipidemia [11-13], indicating that lipid meta-
bolism regulatory proteins may be an available target for the treatment
of diabetic vascular complications.

The F-box and WD repeat domain containing 7 (FBXW7) is an E3
ligase of the SCF (complex of SKP1, CUL1 and F-box protein) family, a
well-known tumor suppressor regulating cell division, growth and dif-
ferentiation through substrate proto-oncogenes degradation [14]. Be-
sides tumor suppression, FBXW7’s role in glucose and lipid metabolism
gradually came to be known in recent years. FBXW?7 is reported to be a
critical regulator for adipocyte differentiation and lipid metabolism and
is involved in the progress of metabolic syndrome including obesity,
hyperglycemia, glucose intolerance, and insulin resistance [15-17].
Park et al. reported that FBXW?7 influenced mitochondrial homeostasis
through regulating the stability of the peroxisome proliferator-activated
receptor y coactivator (PGC-1a), a central regulator of mitochondrial
biogenesis, in skeletal muscle and brown adipocytes, two high
energy-consuming and insulin-sensitive tissues that play important roles
in blood glucose control [18]. As the metabolic powerhouse where many
crucial biological processes including Krebs cycle, fatty acid oxidation,
and oxidative phosphorylation (OXPHOS) occur, mitochondrial
dysfunction contributes to the pathogenesis of metabolic disorders such
as DM. We therefore designed this research in part to explore whether
and how this protein could play a role in impaired mitochondrial
function under hyperglycemic conditions.

Our findings demonstrate that FBXW7 can relieve vascular endo-
thelium oxidative damage under hyperglycemic conditions. We found
that FBXW7 inhibited PARP overactivation via enhancing impaired
classic DSBs damage repair potential, the effect of this protein was su-
perior to traditional PARP inhibitors. We therefore propose that
strengthening the hampered DNA repair pathway is a better way to
downregulate PARP than its direct inhibition. This novel strategy also
provides new insights into the prevention and treatment of diabetic
vascular complications. Additionally, FBXW7 undoubtedly increased
the mitochondrial DNA (mtDNA) copy number, leading to the

improvement of impaired mitochondrial OXPHOS, which then dramat-
ically decreased the level of ROS production against oxidative damage
under hyperglycemic conditions. Therefore, FBXW7 shows promise as a
potential therapeutic target for diabetic vascular complications.

2. Results

2.1. Expression of FBXW7 was downregulated and adenovirus-mediated
FBXW? overexpression inhibited PARP hyperactivation in DR

To investigate the change of endogenous FBXW7 in the progress of
DR, pre-retinal proliferative fibrovascular membranes (PFVM) from
patients with proliferative diabetic retinopathy (PDR) were collected
and then tested by q-PCR, which revealed the significant down-
regulation of FBXW7 mRNA levels compared to macular epiretinal
membranes (ERM) from nondiabetic patients (Fig. 1A). Furthermore, a
diabetic rat model was established to identify the protein level of FBXW?7
in the retina. Similarly, although FBXW?7 was slightly increased in the
diabetic retina at 4 w post-diabetic model establishment, it significantly
decreased at 8 w post-diabetic model establishment (Fig. 1B).

Then, we investigated whether FBXW7 could have any impact on
PARP, which initiates downstream oxidative stress injuries resulting
diabetic vascular complications. Adenovirus-mediated FBXW7 over-
expression significantly decreased the elevated PARP expression and
PARP activity in both HUVECs and HRECs under hyperglycemic con-
ditions (Fig. 1C and D).

PARP overactivation can produce elevated levels of PAR products,
which inhibits the downstream activity of GAPDH. Therefore, we next
measured PAR levels. In HUVECs, high glucose-induced PAR products
were significantly inhibited by FBXW7 overexpression, while a similar
effect was not observed in HRECs with extremely low levels of PAR. This
may be due to a brief period of high glucose incubation (Fig. 1E). To
observe the effect of long-term hyperglycemia exposure, PAR levels in
rat retinal tissues were measured at 12 w post-diabetic model estab-
lishment, demonstrating that increased PAR products were reversed by
adenovirus-mediated FBXW7 overexpression via vitreous cavity injec-
tion in diabetic rats (Fig. 1F).

2.2. FBXW?7 improved the damaged DNA repair activities in HUVECs
under hyperglycemic conditions and was superior to traditional PARP
inhibitors

Large amounts of ROS induced by hyperglycemia aggravated DNA
damage in endothelial cells, which leads to overactivation of PARP with
comprehensive activity for DNA damage repair. We explored whether
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Fig. 1. Altered expression of FBXW7 in diabetic
retina and adenovirus-mediated FBXW?7 over-
expression inhibited PARP hyperactivation in
diabetic rat retina and endothelial cells. A: q-PCR
analysis of FBXW7 mRNA in macular ERM from
*% nondiabetic patients (CTRL) and pre-retinal PFVM

<

S. Li et al
A c
4 weeks 8 weeks PARP == ww w= o %
FBXVV7 —— i m
Tubulin e s w— - | O
FBXW7 ACtin W - _—— HG - - + +
FOE - + - +
520 *% (,}\Qy 0® 0«‘35' 0\& sk v
s | - 57 —
T154 «° = [
2 %25 8
émo £20 * 510
E 15 | °
005 1.0 y
= 2
; e 2 0.5
£0.0 300 &
aw W 0.0
HWCcR [l DM HREC
B NG
D k% % %k * X kK E . 2
100
g’ —_
5 80 2
:;3 60 8
&40 2
8 o«
% 20 &
oo

HUVEC HREC
Il NG+FOE B NG
W HG+FOE B G

PAR (ng /100 ug)

FBXW?7 affected the DNA damage response (DDR). Additionally, as
PARP inhibitors are well-known classical chemical reagents for the
treatment of diabetic vascular complications, we compared FBXW7 with
PARP inhibitors.

Homologous recombination (HR) and non-homologues end-joining
(NHEJ) are the most common ways to repair DSBs, the most deleterious
form of DNA damage, which destroy genomic integrity and threaten cell
survival [19]. We first determined the protein level of YH2AX (a sensi-
tive marker of DSBs) and the phosphorylation level of ataxia telangi-
ectasia mutated (ATM) and ATM- and Rad3-related (ATR) kinases (two
critical PI3Ks initiating DSB repair (DSBR)). As shown in Fig. 2A,
increased yH2AX, p-ATM and p-ATR under high-glucose conditions were
reversed by FBXW?7 overexpression, while no perceptible change was
detected after the treatment of PARP inhibitors 3-Aminobenzamide
(3AB) and PJ34, indicating no necessity for DSBR mobilization due to
the obviously decreased DSB lesions after FBXW7 overexpression. To
further confirm this result, we treated HUVECs with H,O5 as moderate
ROS for DNA damage inducement and conducted alkaline comet assays
to evaluate whether there was any difference in recovery capability
among these groups. The average tail moment in the high-glucose
condition, which was higher than that of the control, declined after
FBXW7 overexpression, demonstrating that DNA damage repair is
severely impaired following high glucose treatment, but was rescued by
FBXW?7 overexpression. On the contrary, PJ34, rather than 3AB, further
weakened DNA repair capability, indicating the different DNA damage
repair potential of FBXW7 and PARP inhibitors (Fig. 2B).

Then, the capacity for DNA repair was tested with the DR-GFP assay
[20,21], a canonical technique for detecting DSBR potential. The ac-
tivity of HR and NHEJ, both of which play a major role in DSBR,

from patients with proliferative DR (n = 7-9; 2-tailed
unpaired t-test). B: Western blot of FBXW?7 in retinas
of normal rats (CTRL) and diabetic rats (DM) 4 weeks
and 8 weeks post-diabetic model establishment. C:
Western blot of PARP in HRECs and HUVECs cultured
in normal glucose (NG) or high glucose (HG) with or
without FBXW7 overexpression (FOE) for 48 h. D:

HUVEC PARP activity was assessed by a HT Colorimetric
[l NG+FOE PARP/Apoptosis Assay in HRECs and HUVECs. E:
B HG+FOE Measurement of PAR in HRECs and HUVECs by HT
k% k %k %k k

— PARP in vivo Pharmacodynamic Assay II. F : Mea-
surement of PAR in retinas of the normal rats (CTRL)
or diabetic rats (DM) with or without intravitreal
injection of adenovirus-mediated FBXW7 over-
expression (DM + FOE) after 12 weeks of treatment
(n = 6). For all charts, values were presented as the
mean + SD. All the results were evaluated by ANOVA
with Tukey’s multiple comparison test. *P < 0.05,
**p < 0.01, ***P < 0.001.

HUVEC

Bl NG+FOE
B HG+FOE

decreased significantly in the high-glucose condition, and was improved
by FBXW?7 overexpression. PARP inhibitors did not show similar effects;
PJ34 even worsened NHEJ repair activity (Fig. 2C). Meanwhile, the
mRNA levels of ATM, ATR, XRCC4, and MSH2, which are widely
recognized as important elements of DSBR pathways, were also pro-
voked significantly (Fig. 2D).

As DSBR activity relies on the MRE11-RAD50-NBS1 (MRN) complex
[22,23], we hypothesized that FBXW7 overexpression mobilized its
expression. Confirmed by Western blot, high glucose levels decreased
expression of the MRN complex, which was improved by FBXW7 over-
expression as expected (Fig. 2E). The nuclear foci representing the
recruitment of DSBR kinases to DNA damage sites were also assessed.
Compared to the control group, high glucose decreased the foci number
of ATM during the recovery from Hy0, treatment, which was improved
by FBXW?7 overexpression; no perceptible change was detected after
treatment with PARP inhibitors (Fig. 2F). Generally, DSBR is accom-
panied by cell cycle changes. Under hyperglycemic conditions, FBXW7
overexpression arrested the cell cycle at G1-S boundaries and shortened
the S phase, which provided sufficient time for DNA damage repair
(Fig. 2G).

Conversely, we also confirmed the role of FBXW7 in DSBR via
adenovirus-mediated endogenous FBXW?7 knockdown. In HUVECs,
increased YH2AX and the average tail moment under high-glucose
conditions were further upregulated after FBXW7 knockdown, as
demonstrated by Western blot and alkaline comet assay (Fig. 2H and I).
The aggravated DNA damage mediated by FBXW7 knockdown indicated
poorer DNA damage repair potential, which was afterwards verified
with the DR-GFP assay (Fig. 2J). Moreover, we noticed that the effect of
FBXW7 on PARP inhibition vanished after FBXW7 knockdown,
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Fig. 2. FBXW7 improved the damaged DNA repair activity in HUVECs under hyperglycemic condition and was superior to traditional PARP inhibitors. A:
Western blot showing the expression of DNA damage marker yH2AX and DDR protein p-ATM and p-ATR in HUVECs cultured in NG, HG, HG + FOE, HG+3AB (10
uM), and HG + PJ34 (10 pM) for 48 h. B: Comet assay for DNA damage assessment in HUVECs after H,O, treatment. Representative cells and quantification of DNA
tail moments were shown. Scale bar:100 pm. C: Relative HR (mCherry) and NHEJ (GFP) activity measured by DR-GFP assay were shown. D: q-PCR indicated the
expression of genes involved in DNA damage repair in HUVECs cultured for 48 h.

E: Western blot of the MRN complex in HUVECs post H,O, treatment. F: Immunofluorescence of ATM (green) and FBXW7(red) in HUVECs post H,O, treatment. Scale
bar: 25 pm. G: The cell cycle assay of HUVECs was measured by flow cytometry and quantification of cells in S phase was analyzed. H: Western blot of yH2AX and
PARP in HUVECs cultured in NG, HG or high glucose plus endogenous FBXW7 knockdown (HG + shFB) for 48 h. I: Comet assay for DNA damage assessment was
conducted in HUVEGCs post H,O, treatment. Representative cells and quantification of DNA tail moments were shown. Scale bar: 100 pm. J: Relative HR (mCherry)
and NHEJ (GFP) activity were measured by DR-GFP reporter assay in HUVECs cultured in NG, HG, and HG + shFB for 48 h. All the results were analyzed by ANOVA
with Tukey’s multiple comparison test and presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

suggesting a certain relationship between the two proteins (Fig. 2H).
In sum, endothelial cells have obvious DSBs and impaired DNA

repair ability under hyperglycemic conditions. FBXW7 enhanced DNA

repair potential and had advantages over traditional PARP inhibitors.

2.3. The function of FBXW7 in promoting DNA damage repair was
related to ATM

To explore the potential mechanism for DNA damage repair ability,
inhibitors of ATM (KU55933), DNA-PKcs (NU7441), and ATR (VE821)
were administrated, as ATM, ATR and DNA-PKcs activation are the
pivotal steps for major DSBR. The improvement of HR and NHEJ activity
by FBXW7 overexpression was inhibited by all these inhibitors (Fig. 3A).
Meanwhile, the effect of FBXW7 overexpression on declining DNA
damage disappeared (Fig. 3B), demonstrating that its efficiency on
strengthening DSBR activity is comprehensive.

Next, we observed that the elevated expression levels of the MRN
complex after FBXW7 overexpression were downregulated (Fig. 3C)
when ATM and ATR were inhibited, suggesting a close relationship
between FBXW7 and ATM or ATR.

Zhang et al. reported that FBXW7 containing two evolutionarily
conserved serine/glutamine (SQ) motifs, can serve as a substrate of ATM
for phosphorylation modifications when exposed to ionizing radiation.
In this way, it can play an important role in DNA damage repair in
MiaPaCa-2, a pancreatic ductal carcinoma cell [24]. In this study, we
explored whether this effect exists in endothelial cells when exposed to
hyperglycemia and oxidative stress. The decreased expression of p-S/TQ
under high-glucose conditions, which represented the phosphorylation
of FBXW7, was elevated significantly after FBXW7 overexpression. This
rescue was abrogated upon ATM inhibition, indicating FBXW7

overexpression improved DNA repair, probably depending on ATM
(Fig. 3D).

Co-IP was next conducted to confirm the direct interaction between
ATM, DSBR downstream effector protein and FBXW?7. The results
showed that FBXW7 interacted with not only ATM but also XRCC4, a
critical DDR protein stabilizing DNA ligase IV to help tether the broken
DSB ends together in NHEJ during the recovery from HyO, treatment
(Fig. 3E).

As FBXW?7 is an E3 ligase, the ubiquitin assay was further employed
to illustrate that FBXW?7 increased the ubiquitination modification level
of XRCC4 (Fig. 3F). Immunofluorescence staining was conducted af-
terwards to demonstrate that decreased expression of XRCC4 in the
nucleus under hyperglycemic conditions, accompanying an increased
foci number of YH2AX, can be reversed significantly by FBXW7 over-
expression, while this effect was abrogated after endogenous FBXW?7
knockdown (Fig. 3G). These results verified that the ubiquitination of
XRCC4, mediated by FBXW?7, increased its stability rather than degra-
dation to improve DSBR activity. While activated DNA-PKcs phosphor-
ylates XRCC4 at serines 325/326 which promotes binding of XRCC4 to
FBXW7 [24], NHEJ activity mediated by FBXW7 overexpression was
inhibited by NU7441 correspondingly (Fig. 3A and B).

In sum, we have obtained solid evidence that ATM phosphorylated
FBXW?7 and recruited it to DSBs sites, which stabilized XRCC4 by pol-
yubiquitylation to facilitate NHEJ in diabetic vascular endothelial cells.

2.4. FBXW7 decreased ROS levels by alleviating mitochondrial
dysfunction in hyperglycemic states

Massive ROS production induced by hyperglycemia contributes to
endothelial damage and the progression of DR. The elevated ROS level
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Fig. 3. The effect of FBXW7 on promoting DNA
damage was related to ATM. A: DR-GFP assay
measured the HR and NHEJ activity in HUVECs
cultured in HG + FOE with or without ATM inhibitor
(KU55933), DNA-PKcs inhibitor (NU7441) or ATR
inhibitor (VE821). B: Comet assay measured DNA
damage in HUVECs cultured in NG, HG, HG + FOE
¥ with or without KU55933, NU7441 or VE821 after
H,0, treatment. Scale bar: 100 pm. C: Western blot of
the MRN complex in HUVECs cultured in the same
conditions as fig.B. D: Western blot of p-S/TQ repre-
senting p-FBXW7 in HUVECs cultured in the same
conditions as fig.B. E: Co-IP was conducted to detect
the interaction between FBXW7 and ATM or XRCC4.
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in both HUVECs and HRECs under high-glucose conditions, was
decreased dramatically after FBXW?7 overexpression (Fig. 4A). The same
effect was also observed in retinal tissues at 12 w post-diabetic model
establishment. However, adenovirus-mediated FBXW7 knockdown
significantly increased the ROS level in the retinal ganglion cell layer,
inner nuclear layer, and outer nuclear layer, even as early as 8 w post-
diabetic model establishment (Fig. 4B).

As known, hyperglycemia activates NADPH oxidase (NOX) and
damages mitochondrial function, two important sources for ROS pro-
duction. Hyperglycemia stimulates the expression of NOX1, NOX2 and
NOX4, three abundant isoforms in endothelium, while no obvious
expression changes are observed after FBXW7 overexpression or
knockdown (Figs. S1A and S1B). Furthermore, the effect of FBXW7
overexpression on decreasing ROS level remained even after the
administration of apocynin, a selective NOX inhibitor, indicating that
this effect may be related to mitochondria, but not NOX (Fig. S1C).
Therefore, we confirmed that FBXW7 eliminated mitochondrial ROS
(mtROS) in both HUVECs and HRECs, as demonstrated by MitoSOX red
mitochondrial superoxide indicator (Fig. 4C).

A close relationship exists between endothelial mitochondrial
dysfunction and ROS generation in hyperglycemic states. To confirm the
impact of FBXW7 overexpression on mitochondrial respiration, HUVECs
were subjected to the Mito Stress Test. High glucose impaired maximal
respiration, while FBXW7 overexpression significantly elevated both

maximal respiration and spare respiratory capacity, illustrating that
FBXW?7 can restore hampered mitochondrial function (Fig. 4D). How-
ever, on the contrary, PARP inhibitors did not show a beneficial effect,
and PJ34 even further damaged the entire mitochondrial respiration
process (Fig. 4E). Furthermore, this effect still existed even after
employing Hy0; acute injection, with the overall decline of mitochon-
drial function rescued by FBXW7 overexpression (Fig. 4F).

Next, to elucidate how FBXW?7 overexpression contributes to its
enhancement of mitochondria function, the mRNA level of important
regulatory genes involved in mitochondrial metabolism was measured
to determine whether these genes were fully mobilized. FBXW7 over-
expression increased the mRNA levels of COX5B, ATP50, ERRa, S6K1,
HIF-1a, and PGC-1a, while PJ34 increased S6K1, and HIF-1a mRNA, and
3AB merely increased the PGC-1a mRNA level (Fig. 4G), indicating that
mitochondrial mass may have increased. We subsequently evaluated the
mitochondrial abundance by employing a q-PCR assay. As expected,
high glucose levels incurred the decline of mitochondria DNA (mtDNA)
copy number, which was recovered by FBXW7 overexpression, while no
evident change was observed following PARP inhibitor administration
(Fig. 4H). These results confirmed that FBXW7 overexpression improved
mitochondrial function in diabetic vascular endothelial cells by
strengthening mitochondrial biogenesis.

DNA damage and mitochondrial dysfunction both contribute to ROS
production. We wondered which could be responsible for FBXW7’s ROS



S. Lietal

>
@

8w 12w

= ) LHK =
E15 # b * . e 23
37 | HH g
£ 2 g
Z10 g2
g 2 3
2 - =
w1
305 1 &
8 ]
Z00 i 3°
=0 3
& HREC HUVEC — — LIE T e
NG e i s’ & S

W HG+TEM Il HG+FOE

s}
o

5 150
E
=15 LI * *
E7 HH n =
& Z100 kS
£1.0 £ 8
% = sl
305 & 50 [
£ e -3
= o
2
Zoo E
2 HREC  HUVEC 0 &
o NG IHG HG+FOE ¢ 20 40 60 80 100 Maximal Spare Repiratory
Time {minutes) Respiration Capacity
E
150
M e | IS W +c+as ] HG+PU3A
= 150
i 3
T £
Eo :
3
£ 5 100
o =
35 50 4
Q 3 50
2
=
0 2 0

0 20 40 0 80 100
Time {minutes)

Basal Respiration Maximal
Raspiration Capacity

Spare Respiratory
i

ATP Production

Redox Biology 58 (2022) 102530

Hs W e

W HGranBH02

W eerocHizo

W HG+RizasH202

o x

- EEEEEE

T

H

Rufalive OCR{% of vonlraly

Maximal Respiration

ATP Producticn

Spare Respiralory
Capacity

ok

NG

HG
HG+FQE
HG+3AB
HG+PJ34

@D
*
*
*
*
*
*
EEEEN

~

Relalive mRNA level(fold)
IS

COXsB ERRa HIF-1a PGC-1a 86K1 ATP50

B
*
*
H
o

Mitochondria DNA. = [~m g
15 £20 e £20
e kel Ak 5
» R SRk g e g8
E1,u g g
5 £ £
1 510 5§10
205 i &
3 gos 205
@ g £
0.0 0.0 oo
G S
L @& st % he P % % Che P S
o G FOE + - FOE + +
x B KU55333 + o+ o+ Rot/Aa * & &

Fig. 4. FBXW7 decreased ROS level through alleviating mitochondria dysfunction in hyperglycemic state. A: Total intracellular ROS was measured by DCF
probes in HUVECs and HRECs by flow cytometry. B: In situ superoxide was detected by DHE probes in frozen eye sections in normal rats, diabetic rats or diabetic rats
with FBXW?7 overexpression or knockdown. Representative images and quantitated superoxide level relative to normal rats were presented (n = 6). Scale bar:100 pm.
C: mtROS was measured by MitoSOX probes in HRECs and HUVECs by flow cytometry. D: Mitochondria stress test was measured to detect mitochondrial respiration
function in HUVECs cultured in NG, HG or HG + FOE. OCR was measured and data was presented normalized to NG. E: As did mitochondria stress test in HUVECs

cultured in NG, HG, HG+3AB, and HG + PJ34.

F: Mitochondrial respiration function measured in HUVECs with or without H;O, acute injection induced oxidative stress. G: q-PCR illustrated the mRNA levels of
COX5B, ERRa, HIF-1a, PGC-1a, S6K1, and ATP50 in HUVECs. H: Mitochondria DNA copy number (relative to nuclear DNA) was detected in HUVECs. I: Total
intracellular ROS was measured in HUVECs cultured in NG, HG and HG + FBXW7 with or without ATM inhibitor KU55933 for 48 h. J: Total intracellular ROS was
measured in HUVECs cultured in NG, HG and HG + FBXW7 with or without rotenone and antimycin A for 48 h. All the results were analyzed by ANOVA with Tukey’s
multiple comparison test and presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

elimination effect. After ATM inhibitor KU55933 was administrated to
restrain FBXW7’s promotion of DNA damage repair, there was no
change in the decline in ROS level resulting from FBXW?7 overexpression
compared to the control group (Fig. 4I). However, while mitochondrial
ETC was entirely interrupted by rotenone and antimycin A (Rot/Aa), no
significant difference was observed among these groups (Fig. 4J),
demonstrating that the degree to which FBXW7 reduced intracellular
ROS levels depended on its improvement of mitochondrial function.

2.5. FBXW7 reserved intracellular NAD + levels and SIRT3 expression to
improve mitochondrial function in HUVECs in hyperglycemic states

In addition to the above results, we also detected a possible mecha-
nism for mitochondrial respiration improvement and mtDNA copy
number maintenance. Mitochondrial transcription factor A (TFAM), is
considered essential for mtDNA maintenance [25]. The expression and
function of TFAM are regulated by SIRT3, a deacetylase that is critical
for recovering the normal activity of respiratory enzymes in mitochon-
dria [26]. Therefore, the expression of TFAM and SIRT3 were detected,
and their expression declined in high-glucose conditions was markedly
increased by FBXW7 overexpression, while no significant improvement
was observed with either of the two PARP inhibitors (Fig. 5A).

We further evaluated whether FBXW7 ameliorated impaired mito-
chondrial respiration under high-glucose conditions depending on
SIRT3 activity. The administration of 3-TYP, a SIRT3 inhibitor, not only
decreased the expression of TFAM and PGC-la in the FBXW7 over-
expression group (Fig. 5B), but also abolished its protective effect on
mtDNA copy number maintenance (Fig. 5C). Next, the beneficial impact

of FBXW7 overexpression on mitochondrial respiration was further
crippled after SIRT3 inhibition, with obviously compromised maximal
respiration and spare respiratory capacity (Fig. 5D). Furthermore, the
effect of FBXW7 on intracellular ROS alleviation disappeared after
SIRT3 inhibition, which further confirmed that FBXW7 relied on SIRT3
activity to improve mitochondrial function (Fig. 5E).

SIRT3 is a member of the sirtuin family in mitochondria and regu-
lates mitochondrial function depending on intracellular NAD + level
[27]. In mammals, sirtuins and PARPs are the two major NAD +
responsive proteins [28], which means they compete with each other in
utilizing NAD + to participate in many important intracellular activities
including energy metabolism and DNA damage repair. As shown above,
FBXW7 overexpression decreased PARP hyperactivation under
high-glucose conditions; therefore an increase of intracellular NAD +
levels was detected (Fig. 5F). This suggests that the effect of FBXW7 on
improving SIRT3 activity is due to the change in intracellular NAD +
level, which accounts for the improvement of mitochondrial function.

In addition, we also evaluated whether FBXW?7 affected the antiox-
idant capacity in HUVECs. Superoxide dismutase (SOD), catalase (CAT)
and glutathione (GSH), the main ways to eliminate intracellular ROS,
were detected. The increased activities of SOD and CAT under high
glucose, accompanying significant decrease of antioxidant GSH level,
demonstrated an abnormal state of antioxidation, which were rescued
by FBXW?7 overexpression (Fig. 5G, H and I).

These results showed that FBXW7 reduced mtROS production mainly
by improving the mitochondrial function, thus normalizing ROS scav-
enging enzyme activity and reducing potential.
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2.6. FBXW7 downregulated PARP through DNA damage repair
promotion

As displayed in Figs. 1 and 2, FBXW7 significantly inhibited the
overactivation of PARP, showing an obvious advantage over classical
PARP inhibitors due to its enhancement of DSBR capability. Therefore,
determining the molecular mechanism behind FBXW7 inspired us to
develop a new therapeutic strategy for PARP inhibition, which may be a
potential target for treatment of diabetic vascular complications [6,7].

We found that FBXW7 interacted with PARP as Co-IP demonstrated
(Fig. 6A). Since FBXW7 is an E3 ligase, we at first explored whether
FBXW7 promoted the polyubiquitination modification of PARP and
degraded it by the proteasome system. However, employing a ubig-
uitination assay, we observed no increase of PARP ubiquitination
modification in the FBXW?7 overexpressing group (Fig. 6B). Consistently,
the decline in PARP remained even after inhibition of the degradation
activity of both lysosome and proteasome (Fig. 6C), verifying that
ubiquitination degradation was not responsible for the decline of PARP
by FBXW7 overexpression.

Next, considering that FBXW7 strengthened mitochondrial function
to decrease ROS production, we employed 3-TYP and Rot/Aa to
completely block mitochondria. Although the effect of FBXW7 on ROS
elimination was abrogated by 3-TYP and Rot/Aa (Figs. 5E and 4J), the

expression of PARP and yH2AX remained decreased (Fig. 6D and E). The
same effect was observed when apocynin was administrated to inhibit
NOX activity (Fig. 6F). These results indicated that decrease in ROS level
as a result of FBXW7 overexpression did not account for FBXW7’s effect
on PARP inhibition.

Subsequently, we noticed another possibility that both FBXW7 and
PARP were involved in DSBR. As shown in Fig. 2, silencing FBXW7
aggravated DSB lesions and worsen DSBR ability, while overactivated
PARP. These results suggest that FBXW7 and PARP interact with each
other in one way or another. Therefore, we inhibited DNA repair activity
with KU55933, an ATM inhibitor, and then evaluated the expression
levels of yYH2AX and PARP. The effect of PARP inhibition exerted by
FBXW?7 was eliminated after ATM inhibition (Fig. 6G), demonstrating
that FBXW7 declined PARP through DNA damage repair promotion. In
addition, we also noticed that FBXW7 still reduced the expression of
yYH2AX even after ATM inhibition, perhaps owing to its protective effect
against ROS production as shown in Fig. 41.

2.7. FBXW7 relieved oxidative stress damage in diabetic rat retinas

The breakdown of the blood barrier in the retina mediated by
hyperglycemia-induced oxidative stress incurs vascular leakage, which
contributes to diabetic macular edema and vision loss [29]. To analyze
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the degree of vascular dysfunction, an Evans blue (EB) assay was con-
ducted to detect retinal vascular leakage, and periodic acid-Schiff
staining was conducted after retinal trypsin digestion to detect the
structural changes in retinal vessels. Retinal vascular leakage increased
in diabetic rats at 12 w post-diabetic model established, while
adenovirus-mediated endogenous FBXW?7 silence distinctly further
impaired vascular permeability as early as 8 w post-diabetic model
establishment, when compared with the control (Fig. 7A). The protec-
tive effect of FBXW7 overexpression on vascular leakage was observed
in mouse retinas at 5 months post-diabetic model established (Fig. 7B).
Moreover, the increased number of acellular capillaries in the retina of
diabetic mice was significantly reduced by FBXW?7 overexpression
compared to those of control mice (Fig. 7C).

The protein carbonylation level in rat retinal tissues, a widely
recognized marker of oxidative damage, was also measured [30].
FBXW?7 overexpression notably reduced protein carbonylation in dia-
betic rat retinas (Fig. 7D), indicating its protective effect against
oxidative injury. Meanwhile, FBXW7 overexpression increased BCL-2
and reduced BAX and NF-kB expression in diabetic rat retinas
(Fig. 7E), exerting a positive effect on the alleviation of apoptosis and
inflammation, reducing the formation of acellular capillaries.

In summary, FBXW7 overexpression reduced oxidative damage,
inflammation and apoptosis in retinal tissues and alleviated the

pathological changes of DR.

3. Discussion

Vascular endothelium dysfunction is a central factor in the patho-
genesis of diabetic vascular complications. As “unified mechanism the-
ory” illustrates, ROS production, DNA damage and subsequent PARP
activation are three important upstream pathogenic factors in sequence,
that initiate downstream oxidative stress injury for diabetic vascular
complications. Here, we first reported that FBXW7 relieved the three
detrimental processes, showing the effect of antioxidative injuries.
FBXW7 suppressed the hyperactivation of PARP by a completely
different pathway compared to classical PARP inhibitors and showed
marked superiority, which opens up possibilities for new therapeutic
approaches and treatments. PARP hyperactivation modifies GAPDH
with PAR, thereby reducing its activity and activating glycolytic side
branching pathways. Apart from glycolysis inhibition and downstream
pathway activation, PARP activation exhausts intracellular NAD+ and
ATP, leading to energy failure and cell death [31]. PAR, the products of
PARP hyperactivation, induce the nuclear translocation of
mitochondrial-associated apoptosis-inducing factors and leads to par-
thanatos [32]. Therefore, PARP inhibition has been recognized as a
potential target for vascular diseases. It has been reported that the
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PARP-inhibitor PJ34 not only normalized vascular rings exhibiting
impaired endothelium-dependent relaxation dysfunction, but also
reversed these effects in diabetic mice [33]. Another PARP inhibitor,
4-AB, downregulated inflammation and oxidative stress markers and
alleviated structural changes and collagen deposits in the hearts of
diabetic rats [34]. However, the long-term use of PARP inhibitors has
exposed serious side effects such as loss of genome stability and pre-
mature aging which gradually came to be known in recent years [35].

Endothelial cell cultures exposed to high levels of glucose exhibit
increased DNA strand breaks, and the efficiency of DNA lesion repair
represents a mechanism for different individual susceptibilities to dia-
betic vascular complications [36]. Our research confirmed that massive
DNA damage and significant DNA damage repair defects exist in endo-
thelial cells under hyperglycemic conditions. DSBs are the most detri-
mental forms of DNA damage and contribute to vascular diseases [37,
38]. It is worth noting that inefficient DNA damage repair induced cell
growth arrest, senescence, apoptosis, and inflammation response [38].
Vascular smooth muscle cells in human atherosclerotic plaques exhibi-
ted increased levels of DSBs, which closely correlated with disease
severity [39]. Additionally, exposure to high concentration of carbo-
hydrates impaired cellular DNA repair potential and persistent DNA
damage leads to diabetes related pulmonary and renal fibrosis. These
effects can be reversed by restoring DNA repair, indicating the rela-
tionship between metabolite-driven impairment of DNA repair and
diabetic complications [40].

Obvious DNA damage and deficiency in HR and NHEJ activity in the
hyperglycemic state may be a possible interpretation of PARP hyper-
activity. HR and NHEJ are the predominant pathways for DSBs [41]. As
a responder in DDR, PARP not only engaged in base excision repair and
single strand break repair but also participated in an alternative NHEJ
pathway when Ku was limited or absent for DSBs repair. PARP-1, the
most abundant isoform of the PARPs superfamily, binds to DNA ends in
direct competition with Ku and works as a backup of the classical NHEJ
pathway [42,43]. Therefore, the administration of PARP inhibitors
prevents DNA damage repair, which may lead to genome instability.
Moreover, due to the different mechanisms to inhibit PARP activity,
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D Fig. 7. FBXW7 relieved oxidative stress damage in
T diabetic rat retina. A: Quantitative retina vascular

30 1 leakage was measured by EB dye in normal rats,
diabetic rats with or without FBXW?7 silence at 8 or 12

20 K weeks post diabetic model established (n = 6). B:

Representative  fluorescence images indicating
vascular leakage in normal mice, diabetic mice with
or without FBXW7 overexpression at 5 months post
0 diabetes induced were presented (n = 6). Scale bar:
500 pm. C: Retinal trypsin digestion and PAS staining
were conducted for counting the formation of acel-
lular capillary among the same mice as fig.B (n =
6-10). Representative images were shown. Scale bar:
50 pm. D: The protein oxidation levels in normal rats,
diabetic rats with or without FBXW7 overexpression
were measured (n = 6-10). E: Inflammation related
protein NF-kB and apoptosis related proteins BAX and
BCL-2 were measured by Western blot in rats retinal
tissues as in fig.D. All the results were analyzed by
ANOVA with Tukey’s multiple comparison test and
presented as mean =+ SD. *P < 0.05, **P < 0.01, ***
< 0.001.
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certain PARP inhibitors lead to a phenomenon termed ‘PARP trapping’
in which PARP inhibitors induced PARP dissociation from damaged
DNA, and trapped PARP-DNA complexes blocked DNA repair [44].
Thus, inhibiting PARP activity by chemical inhibitors has a greater in-
fluence than the lack of enzyme itself regarding DNA damage repair
[45], which limits the treatment for diabetic vascular complications.
Previous study confirmed that PJ34 augmented injury in mouse retinal
cells suffering from oxidative stress, including oxidative damage and
apoptosis [46]. At the same time, our research showed that neither of
these inhibitors alleviated DNA damage under hyperglycemic and
oxidative stress conditions, while PJ34 administration further decreased
DNA repair potential in the hyperglycemia state. Therefore, limitations
and deficiencies remain in the administration of PARP inhibitors
because of the disadvantageous effects in DNA damage repair.

Unlike traditional PARP inhibitors, our research first reported that
FBXW?7 provided a new method for downregulating PARP expression
and activity, which demonstrates advantages in regard to diabetic
vascular complications. FBXW7 improved HR and NHEJ activity and
therefore decreased DNA damage, indicated by yH2AX and alkaline
comet assays. Under hyperglycemic and oxidative stress conditions,
FBXW?7 promoted the ubiquitination modification of XRCC4 and
retained it for DNA damage repair in endothelial cells, which is
consistent with irradiation-induced DNA damage [24]. Upon DNA
damage, FBXW?7 also upregulated the MRN complex for DDR, which was
regulated by ATM and ATR, two DNA-damage checkpoint kinases [47,
48].

Therefore, the downregulation of PARP activity relies on highly
efficient DNA damage repair by FBXW7 via enhancing the major DSBs
repair pathway HR and NHEJ, which was superior to PARP inhibitors.
Knocking down endogenous FBXW?7 or inhibiting repair activity by
KU55933 both reversed the downregulation of PARP. Mitochondria
inhibitors Rot/Aa were administrated to exclude the interference of ROS
production, while intracellular ROS level did not influence the role of
FBXW?7 on PARP downregulation. Although Co-IP revealed interaction
between FBXW7 and PARP, no significant increase in ubiquitin modi-
fication or afterwards proteasomal degradation were observed. These
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results all confirmed that FBXW7 downregulated PARP hyperactivation
via strengthening efficient DNA damage repair. Therefore, timely
repairing of DNA damage prevented the progression of diabetic com-
plications, which was confirmed by an in vivo assay [40].

Regarding treatment for diabetes and diabetic complications, a
recent consensus put great emphasis on the prevention of CVD in dia-
betes treatment and recommended medication with proven cardiovas-
cular benefits. The coexistence of diabetes and dyslipidemia increases
cardiovascular disease risk [49]. Optimum control of blood glucose,
lipids and blood pressure reduced the risk for diabetic retinopathy [50].
We first reported that FBXW7, as an adipose differentiation-related
protein, had a beneficial effect on endothelial cells, the central factor
in the pathogenesis of diabetic vascular complications.

Our study demonstrated that FBXW7 decreased oxidative injury in
diabetic rat retinal tissues. FBXW7 downregulated ROS levels in both
endothelial cells and retina tissues, exerting an anti-oxidative injury
effect. Similarly, FBXW7 decreased PARP expression and activity in both
endothelial cells and retinal tissues, as well as reducing PAR products,
leading to less protein oxidation and inflammation. Vascular leakage
and the formation of acellular capillaries, two pathological processes in
DR, were reduced after FBXW7 overexpression. There is evidence that
inhibition of upstream ROS by uncoupling protein-1, manganese su-
peroxide dismutase, or PARP inhibition can block hyperglycemia-
induced activation of multiple downstream pathways of vascular dam-
age [4,5,51,]. Therefore, FBXW7 may be a preferred target for treating
diabetic vascular complications due to its coexisting beneficial effects,
anti-oxidative stress, and PARP downregulation.

Several studies have observed the downregulation of FBXW7 in the
progress of neovascularization in DR. In high-glucose states, FBXW7
downregulated VEGF expression and accelerated ubiquitination degra-
dation of c-Myc, which binds to the HDAC2 promoter to promote
angiogenesis [53]. Additionally, FBXW7 inhibited the proliferation of
retinal endothelial cells by negatively regulating the Notchl pathway
[54]. In contrast to the above literature, we first focused on the
anti-oxidative effect of FBXW?7 in endothelial cells under hyperglycemic
conditions. FBXW7 was markedly downregulated in the liver of obese
mouse and human subjects, while mice with liver-specific knockout of
FBXW7 developed hyperglycemia, glucose intolerance, and insulin
resistance even on a normal diet [15]. Our results show that although
the expression of FBXW7 slightly increased at the early stage of DR
progress, it gradually decreased with the progress of DR. Therefore,
FBXW?7 upregulation may exert beneficial effects on DR and metabolism
regulation, such as blood glucose control and insulin resistance
prevention.

In addition, we further illuminated the association between ROS
alleviation and PARP inhibition by FBXW?7. The blocked ETC is the
source of electron leakage and superoxide production because of
accelerated the tricarboxylic acid cycle and overloaded electron donors
(NADH and FADH2) under hyperglycemic conditions [4]. ROS, the
by-product of oxidative respiration, was significantly increased when
mitochondria were damaged in hyperglycemic states. In turn, sustained
exposure to ROS damages mitochondria function and downregulates
mtDNA biogenesis, leading to a vicious cycle between ROS production
and mitochondrial dysfunction [55]. As a result, the release of cyto-
chrome ¢ from mitochondria and translocation of BAX-induced
apoptosis and contributed to the loss of capillary cells [56].

An observational study demonstrated that mtDNA copy number
might serve as a marker for mitochondrial dysfunction and be negatively
related to the risk of metabolic syndrome and T2DM [57]. Exposure to
hyperglycemia significantly decreased mtDNA copy number, while
FBXW?7 increased mtDNA copy number, indicating mitochondrial
abundance elevation. Hyperglycemia also damaged maximal oxygen
consumption and spare oxygen consumption for HUVECs, but this kind
of respiration damage can be normalized by FBXW?7. A similar beneficial
effect of FBXW7 was observed when HyO, induced oxidative stress in
HUVECs. Consequently, the blocked ETC was alleviated, and ROS
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production was decreased under hyperglycemia conditions. The mech-
anism for BAX downregulation by FBXW7 overexpression can partially
be attributed to mitochondrial function improvement.

In hyperglycemic states, FBXW7 promoted DNA damage repair,
leading to the reverse of PARP activity, and therefore maintained
intracellular NAD+, the substrate of PARP and SIRT3. SIRT3 mostly
localizes to the mitochondrial matrix and regulates substrate deacety-
lase and mitochondrial metabolism such as ETC/OXPHOS, ROS detox-
ification, and mitochondrial dynamics [58]. In the hyperglycemia state,
FBXW?7 elevated intracellular NAD+ and downregulated the expression
of SIRT3 and TFAM, which is essential for mitochondrial gene tran-
scription and mtDNA replication, contributing to the alleviation of
mitochondria function. Consistent with our research, Dikalova et al.
reported that SIRT3 depletion promoted endothelial dysfunction,
vascular hypertrophy, vascular inflammation, and end-organ damage in
mice with hypertension [59]. Zhang et al. reported that mitochondrial
dysfunction caused by TFAM inactivation induced ROS production in
cardiomyocytes [60]. The effect of FBXW7 on mtDNA copy number
maintenance and respiration promotion was reversed by the SIRT3 in-
hibitor 3-TYP. Furthermore, 3-TYP eliminated the anti-oxidative effect
of FBXW7.

As an essential organelle for many aspects of cellular homeostasis,
mitochondria not only regulates intracellular energy production,
biosynthesis, and cellular stress responses, but also influence an organ-
ism’s physiology by regulating communication between cells and tissues
[61]. Therefore, mitochondria dysfunction drives a series of diseases,
including metabolic, cardiovascular, neurodegenerative, and neuro-
muscular diseases, leading to an intensive search for new therapeutic
and preventive strategies aimed at invigorating mitochondrial function
[62]. Our research is the first to report that FBXW7 improved damaged
mitochondrial function in hyperglycemia states, which could be a target
for disease with malfunctional mitochondria and tissues with high
mitochondria content and high oxygen consumption.

However, previous research has reported that FBXW7 down-
regulated PGC-la by ubiquitin-mediated proteolysis, leading to the
deterioration of mitochondria biogenesis and function [18,63,64],
which seems contrary to our conclusion. PGC-1la, an inducible coac-
tivator, is preferentially expressed in tissues with high oxygen con-
sumption, and its expression level can be regulated by FBXW?7 isoforms.
Of the three isoforms FBXW7a, FBXW7p and FBXW7y generated by
alternative splicing, nuclear FBXW7a promotes the stability of PGC-1a
while cytoplasmic FBXW7p leads to ubiquitin-mediated degradation of
PGC-1a [65]. FBXW7q, the most highly expressed and stable isoform, is
more abundant than the other isoforms [66]. As Zhao et al. reported in
liver tissues, we observed no significant change of PGC-1a expression in
HUVECs after FBXW7 overexpression in hyperglycemic states, which
may partially due to the differences between cells and tissues [15]. In
line with the low abundance of mitochondria in vascular endothelium,
endothelium prefers glycolysis for ATP production and glycolytic flux is
more than 200-folds higher than glucose oxidation flux in HUVECs [67],
which may account for the difference between endothelial cells and cells
with high oxygen consumption.

We conducted in vivo and in vitro assays to demonstrate that FBXW7
promoted DNA damage repair, eliminated ROS, and inhibited PARP
activity, which are three key links in the unified mechanism theory for
diabetic vascular complications. However, apart from models for DR, we
did not examine other diabetic complications such as CVD, atheroscle-
rosis, and diabetic nephropathy in this study. Further researches will be
conducted to verify the role of FBXW?7 in other diabetic complications.

In summary, we first reported and clarified the anti-oxidative stress
effect of FBXW7 in endothelial cells. FBXW7 improved detrimental
processes contributing to the pathogenesis of DR, including DNA dam-
age, mitochondrial dysfunction, ROS elimination, and PARP over-
activation, which could be a potential target for diabetic vascular
complication treatment and superior to existing PARP inhibitors.
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4. Methods
4.1. Adenoviruses

Adenoviruses ad-shFB (expressing a short hairpin RNA (shRNA)
targeting human FBXW7 (GenBank NM_018315)), ad-FOE, ad-Ub
(overexpressing human FBXW7 mRNA and ubiquitin mRNA), and vehicle
control sh-ctrl (Ad-U6-CMV-MCS), ad-ctrl (Ad-CMV-MCS-3FLAG) were
purchased from OBiO Technology (Shanghai, China). The shRNAs were
mixed before transfection. The knockdown target sequences are shown
in Supplementary Table 1.

4.2. Cell culture and adenovirus infection

Human primary umbilical vein endothelial cells (HUVECs, five to six
passages) (ScienCell, CA, USA) and human primary retinal micro-
vascular endothelial cells (HREC, three to four passages) (Cell Sys-
tems, WA, USA) were cultured in ECM (ScienCell, CA, USA) containing
5% FBS, 1% ECGS, 100 U/mL penicillin and 100 pg/ml streptomycin at
5.5 mM p-glucose concentration for normal glucose and 30 mM for high
glucose. Endothelial cells were infected with sh-FBXW7, ad-FBXW7, and
ad-Ubiquitin at a multiplicity of infection of 100, or corresponding
vehicle control at approximately 70% confluence. Inhibitors for PARP1
(3AB and PJ34), ATM (KU55933), DNA-PKcs (NU7441), ATR (VE821),
NOX (apocynin), SIRT3 (3-TYP), lysosome (leupeptin hemisulfate) and
proteasome (MG132), as well as mitochondrial electron transport chain
complex I (rotenone), complex III (antimycin A), shown in Supple-
mentary Table 2, were used individually or in combination with the
adenoviruses. To induce severe oxidative stress and cause DNA damage,
300 pM hydrogen peroxide (H203) treatment was used to incubate
HUVECs for 30 min in a 37 °C incubator. After HyO4 treatment, cells
were returned to the previous medium for another 2 h for recovery. Each
experiment was repeated independently at least three times.

4.3. Human fundus pathological membrane tissues

Human macular epiretinal membrane (ERM) tissues harvested from
nondiabetic patients and pre-retinal PFEVM from patients with DR were
used for quantitative real-time PCR. DR was evaluated according to the
diagnostic criteria of the American Academy of Ophthalmology set at
the 2001 Annual Meeting. Patient details including age, gender, blood
pressure and blood glucose are included in Supplementary Table 3.
Tissues were collected with informed consent following the guidelines of
the Helsinki Declaration. This study was approved by the ethics com-
mittee of Shanghai General Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai, China.

4.4. Western blot analysis

HUVECs, HRECs, and rat retinal tissues were lysed in cell lysis buffer
(Beyotime Biotechnology, Shanghai, China) containing 1 mM PMSF,
protease/phosphatase inhibitor cocktail (Roche, IN, USA). 30-50 pg
protein samples were used for Western blot using 4-20% SDS PAGE gels
and transferred to a 0.22 pm PVDF membrane (Roche). Then, mem-
branes were incubated in primary antibody at 4 °C overnight. The
dilution for the primary antibody was shown in Supplementary Table 4.
The secondary antibody (Jackson, PA, USA) was incubated at room
temperature for 1 h. Inmunoreactive bands were visualized using ECL
Plus HRP substrate (Millipore, MA, USA) with an Amersham Imager 600
(GE, CT, USA).

4.5. Quantitative real-time PCR
Total RNA from cells and tissues was isolated using TRIzol reagent

(Invitrogen, CA, USA). cDNAs were prepared using a PrimeScript™ RT
Reagent Kit (TaKaRa, Japan) and analyzed by real-time PCR using TB
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Green Premix Ex Taq™(TaKaRa) by ViiA 7 (Applied Biosystems, DE,
USA). Relative mRNA levels were quantified by normalizing with
B-actin. The primer sequences are available in Supplementary Table 5.

4.6. Alkaline comet assay

DNA damage levels were evaluated using an alkaline comet assay
(Trevigen, MD, USA) and a specialized electrophoresis system (Trevi-
gen). HUVECs seeded in six-well plates were treated with 300 pM Hy04
for 30 min, washed in PBS and left to recover in fresh media for 2 h. After
being digested with trypsin and washed once in PBS, the HUVECs sus-
pension (1 x 10° cells/mL) in ice-cold PBS was harvested. 20 pl of this
cell suspension was mixed gently with 180 pL of pre-warmed low
melting point agarose; 50 pl of this mixture was then placed on each well
of comet slides. After solidification of the gels, slides were immersed in a
lysis solution at 4 °C overnight, protecting them from light. Slides were
incubated in alkaline solution (1 mM EDTA, 200 mM NaOH, pH > 13)
for 40 min in the dark for DNA unwinding and then placed in a hori-
zontal electrophoresis chamber filled with alkaline solution for elec-
trophoresis (21 V, 30 min). For dehydration of the gels, slides were
placed in 70% ethanol for 5 min. After air-drying, all samples were
stained with SYBR Gold ( Invitrogen). Five fields of view per slide were
taken using confocal microscopy (Leica Microsystems, Wetzlar, Ger-
many). The DNA tail moment representing DNA damage severity was
scored using comet analysis software (R&D, MN, USA).

4.7. Immunofluorescence microscopy

HUVECs seeded in eight-well Millicell EZ slides (Merck, Darmstadt,
Germany) were fixed with 4% paraformaldehyde (PFA) for 10 min at
room temperature (RT). They were then permeabilized with 0.5%Triton
X-100 (Sigma Aldrich) for 10 min at RT followed by 30 min of blocking
in a blocking buffer (Beyotime Biotechnology). Cells were subsequently
incubated overnight with anti-FBXW7(1:1000) (Abcam, ab109617),
anti-ATM (1:400) (Abcam, ab98), anti-XRCC4(1:1000) (Gene-
tex,109632) or anti-yH2AX (1:400) (Millipore,05-636) at 4 °C, and
subsequently for 1 h in diluted secondary antibody (1:500) (Invitrogen,
A11029 and A11037). DNA was stained with DAPI at 25 °C for 10 min.
Images were captured with a confocal microscopy (Leica, Wetzlar,
Germany) using a 20 x or 63 X oil-immersion lens.

4.8. Cell cycle assay

HUVECs digested with trypsin were fixed (absolute ethanol/PBS =
7:3 vol/vol) overnight. FxCycle™ PI/RNase Staining Solution (Life
Technologies, OR, USA) was used to stain cells at RT for 30min in the
dark. The cell cycle was analyzed using flow cytometry (Beckman, CA,
USA).

4.9. DR-GFP assay

The HR/NHEJ assay was performed as previously described [20,21].
Briefly, HUVECs were seeded in six-well plates and incubated in either
normal glucose or high glucose, as detailed above. When cells reached
approximately 70% confluence, adenovirus was infected overnight,
followed by administration of an inhibitor. Cells were transfected 24 h
later, with 1.6 pug of pLCN-double-strand break (DSB) Repair Reporter
DNA damage response (DDR) (Addgene Cat.N0.98895, MA, USA), 1.6 ug
of pCAGGS DRR mCherry Donor EF1 BFP plasmid (Addgene Cat.
No0.98896), and 1.6 ug of pCBAscel (Addgene Cat.No.26477) plasmid
with lipofectamine 2000 (Invitrogen). The pCBAscel or mCherry Donor
EF1 BFP plasmid alone was used alone as a control. GFP and mCherry
signal analyses were measured using flow cytometry (Beckman) 48 h
after transfection.
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4.10. Measurement of intracellular ROS

HUVECs and HRECs were incubated with diluted DCFH-DA probes
(10 pM) (Molecular Probes, OR, USA) in serum-free medium for 30 min
protecting from light. After washing with cold PBS to remove uncom-
bined probes, the cells were harvested and analyzed via flow cytometry
(Beckman). Tempol, a SOD mimetic, was administrated for the speci-
ficity of the fluorescence signal.

4.11. Measurement of mitochondria ROS (mtROS)

Harvested cells were washed and then resuspended in pre-warmed
Hanks’ balanced salt solution (HBSS) buffer containing 5 pM MitoSOX
(Invitrogen) at 37 °C for 25 min. After washing with HBSS buffer, the
cells were measured and analyzed via flow cytometry (Beckman).

4.12. Antioxidant capacity evaluation

According to the manufacturer’s instructions, total SOD activity,
total GSH (Beyotime Biotechnology) and catalase activity (Cayman
Chemical, MI, USA) were measured using colorimetric assay.

4.13. Coimmunoprecipitation (Co-IP)

Co-IP was performed using a Pierce Co-IP kit (Invitrogen) according
to the manufacturer’s instructions. After exposure to 300 pM H3Oo,
HUVECs were incubated with MG132 (10 uM) for 2 h and then lysed in
IP lysis buffer containing a protease/phosphatase inhibitor cocktail and
1 mM PMSF. The anti-FLAG antibody (Thermo Fisher Scientific, 91878)
was immobilized with AminoLink Plus coupling resin for 2 h at RT. Cell
lysates were incubated overnight with anti-FLAG-conjugated agarose
resin at 4 °C. After washing, the eluted immunoprecipitant samples were
analyzed via Western blot.

4.14. Ubiquitination assay

HUVECs were infected with ad-Ubiquitin-HA, with or without ad-
FBXW? overnight. After exposure to 300 pM Hy0, cells were incubated
with MG132 (10 pM) for 2 h and then lysed for Co-IP assay. Anti-HA
antibody (Thermo Fisher Scientific, 26183) or anti-PARP1 antibody
(Proteintech Group, 66520-1-Ig) was immobilized with coupling resin
for 2 h. Afterwards, cell lysis was proceeded in the same manner as the
procedures described for Co-IP.

4.15. Mitochondrial respiration assay

HUVECs were seeded in XFe 24-well microplates (Agilent Technol-
ogies, CA, USA) at a density of 20000 cells per well with corresponding
treatment. Extracellular acidification rate (ECAR) indicating the glyco-
lytic levels, and oxygen consumption rate (OCR) indicating the capacity
of mitochondrial respiration, were measured with a Mito Stress Test Kit
using the Seahorse XFe24 Analyzer (Agilent Technologies) following the
manufacturer’s instructions. Briefly, RPMI 1640 media (Seahorse) was
supplemented with 2 mM r-glutamine, 10 mM glucose and 1 mM sodium
pyruvate. The sensor cartridge was incubated overnight with 1 mL XF
Calibrant (Agilent Technologies, pH7.4) per well at 37 °C without CO,.
OCR and ECAR were detected by sequential injections of compounds
including oligomycin (1.5 pM), FCCP (1 pM) and Rot/Aa (0.5 pM) at the
specified time points according to the instructions of the manufacturer.
For acute injection, H,O2 (200 pM) was acutely injected into microplates
during the measurement of basal OCR, which oxidatively damaged the
HUVECs. Basal respiration, maximal respiration, spare respiratory ca-
pacity, and ATP production were measured and normalized with cell
numbers and analyzed using Wave software (Agilent Technologies).
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4.16. Mitochondria DNA copy number determination

Total DNA from HUVECs was extracted using the TaKaRa MiniBEST
Universal Genomic DNA Extraction Kit (TaKaRa) and quantified using
NanoDrop 2000 (Thermo Fisher Scientific). Mitochondrial DNA level
was detected using the Human Mitochondrial DNA Monitoring Primer
Set (TaKaRa) with q-PCR. The procedures for DNA extraction and
mtDNA quantification were conducted according to the manufacturer’s
manual.

4.17. Intracellular NAD + level measurement

NAD + levels were measured from whole-cells extracts using an
NAD+/NADH quantification kit with the colorimetric method (Abcam,
MA, USA). HUVECs were scraped and washed twice with ice-cold PBS
and then centrifuged for 5 min at 375xg at 4 °C. The supernatant was
discarded, and metabolites were extracted from the HUVECs pellet with
the buffers supplied with the commercial assay kits according to the
manufacturer’s instructions. Colorimetric measurements were made at
450 nm absorbance and at 25 °C. NAD + levels were determined from a
standard calibration curve. The value was normalized according to
protein concentrations.

4.18. Animals

Eight-week-old male Sprague-Dawley rats (200-250 g body weight)
and C57BL/6J mice (20-25 g body weight) were purchased from
Shanghai Laboratory Animal Center (Shanghai, China). All animals were
bred in an air-conditioned room with a 12-h light-dark cycle and had
free access to food and water. DR was induced by intraperitoneal in-
jection of STZ (Sigma Aldrich); rats were injected with 65 mg/kg in 10
mM of a sodium citrate buffer (pH 4.5) once, and mice were injected
with 55 mg/kg for six consecutive days. The animals were fasted for 12 h
before STZ injection. Control animals were administered with the so-
dium citrate buffer only. Animals were categorized as diabetic when
their blood glucose level exceeded 16.7 mM, and then randomly
assigned to different experimental groups, n = 6-12 for each group.

4.19. Intravitreal injection

Animals were anesthetized with a 10:50 mix of ketamine (100 mg/
mL) and xylazine (20 mg/mL). The pupils were dilated with tropicamide
(1%). For rats, a sclerotomy incision was created ~0.5 mm posterior to
the limbus with a blade. Then, 1 x 108 pfu of adenovirus that would
cause either the overexpressing or knocking down of FBXW7 was
injected into the vitreous cavity with a 33-gauge glass injector connected
to syringe. The first injection was administrated immediately after the
diabetic model was established, and the second injection followed 4 w
later. Rats were sacrificed at 8 or 12 w post-diabetic model
establishment.

For mice, a sclerotomy incision was created through the sclera pos-
terior to the limbus with a 33-gauge injector and 1 x 10% pfu of
adenovirus that would cause overexpression of FBXW7 was injected into
the vitreous cavity. The first injection was administered 3 m after the
diabetic model was established; the second injection followed a month
later. Mice were sacrificed 5 months post-diabetes induction.

4.20. In situ superoxide detection

As previously described, 2 pM of dihydroethidium (DHE) (Life
Technologies) was used to detect superoxide in fresh frozen eye sections
[68]. The fluorescence intensity of retinal sections was determined
under a fluorescence microscope (Olympus, Tokyo, Japan) and
measured using ImageJ software (National Institutes of Health). Data
were normalized using values from non-diabetic rats.
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4.21. Protein oxidation assay

Retinal tissues were sonicated and homogenized in a pre-chilled lysis
buffer containing a protease inhibitor cocktail (Roche) and PMSF on ice.
Protein oxidation levels were detected using an OxiSelect Protein
Carbonyl ELISA Kit (Cell Biolabs, CA, USA) according to the manufac-
turer’s instructions. The protein oxidation amount was normalized
against the total protein concentrations.

4.22. PARP activity and PAR quantitative assay

The PARP activity in HUVECs and HRECs was determined using the
HT Colorimetric PARP/Apoptosis Assay (Trevigen) as instructed in the
manual. For the PAR quantitative assay, HUVECs, HRECs, and retinal
tissues were sonicated in a lysis buffer on ice. The extracts were incu-
bated with 20% (w/v) SDS and the PAR levels were measured via
chemiluminescent reading (Biotek Synergy2, VT, USA) using the HT
PARP in vivo Pharmacodynamic Assay II (Trevigen) according to the
manufacturer’s instructions and were normalized to the total cellular
protein concentrations.

4.23. Evans blue assay

Retinal vascular permeability was determined by Evans blue (EB)
staining, which was covalently linked to albumin as an indicator of al-
bumin leakage into the retina from the capillary. EB dye (100 mg/mL,
Sigma Aldrich) was dissolved in PBS, sonicated for 5 min, and filtered
through a 0.45 pm filter (Millipore).

Quantitative vascular permeability measurements were taken ac-
cording to procedures previously documented in literature [69]. EB dye
(30 mg/kg) was injected via the femoral vein. After the dye was circu-
lated for 1 h with the animals on a warm pad, the rats were perfused with
citrate buffer (0.05 M pH = 3.5) via the left ventricle. The retinas were
then dissected from the eyeballs and dried for 5 h. After measuring
retinal dry weight, EB dye was extracted by solubilization overnight in
formamide (0.2 mL per retina) at 78 °C. The resulting suspensions were
centrifuged at 120,000xg at 4 °C for 30 min. EB dye in the supernatant
was spectrophotometrically detected by absorbance at 620 nm (blue
signal) and 740 nm (background subtracted). Blood samples were
centrifuged at 3600xg at 25 °C for 15 min. The concentration of EB dye
was calculated from a standard curve of EB dye in formamide and
normalized to dry retina weight. The leakage of EB dye was calculated
as: retinal EB content (pg)/retina dry weight (g)/averaged plasma EB
concentration (pg/pl) x circulation time (h).

For immunofluorescence observation, procedures were referred to
previous literatures [70,71]. Mice were injected with EB dye (45 mg/kg)
via the femoral vein and blood samples were collected. After the dye
circulated for 1 h, mice were sacrificed and their eyes were enucleated
and immersed in 4% PFA for 1 h at 25 °C. After removing the cornea,
lens, and vitreous body, the retina was carefully removed from the
choroid and sclera. The retinal cups were cut radically to lie flat. Z-stack
images were captured through a x 10 objective.

4.24. Retinal trypsin digestion assay

The formation of acellular capillaries was detected by a retinal
trypsin digestion assay. Eyes were enucleated from mice and fixed in 4%
PFA for 24 h at 4 °C. Then retina was dissected under a microscope and
washed with PBS for 6 h. Retinas were incubated overnight in a solution
of 0.25% trypsin in a 0.1 M Tris buffer (pH 7.8) at 37 °C. After trypsin
digestion, vasculature networks were isolated by gentle but thorough
percussion and then mounted on glass slides. When the vessels turned
white, retinal vasculature was stained with periodic acid-Schiff hema-
toxylin and observed under light microscopy (Olympus). The number of
acellular capillaries was counted in 10 random fields ( x 400 magnifi-
cation) in a masked manner and was standardized to capillary area (per
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mm? capillary area).

4.25. Statistics

All experimental data are expressed as the means + standard de-
viations of at least three independent experiments. Statistical analyses
were performed using a two-tailed Student’s t-test or one-way ANOVA
followed by Tukey’s test or Sidak’s test in GraphPad Prism 8 (GraphPad
Software) or SPSS22.0 (IBM), and P < 0.05 was considered significant.

4.26. Study approval

The in vivo animal experiments complied with the requirements of
the Association for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research. Animal research
was approved by the Laboratory Animal Ethics Committee of Shanghai
General Hospital (No. SC049).

The study using human retinal samples was approved by the ethics
committee of Shanghai General Hospital. The experiment was carried
out in accordance with the Declaration of Helsinki. All patients or their
families provided written informed consent.
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