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Abstract: Glia maturation factor beta (GMFB) is a growth and differentiation factor that act as an
intracellular regulator of signal transduction pathways. The SUMOylation is a post-translational
modification (PTM) that plays a key role in protein subcellular localization, stability, transcription,
and enzymatic activity. Recent studies have highlighted the importance of SUMOylation in the
inflammation and progression of numerous diseases. But little is known about the relationship
between GMFB and SUMOylation. Here we first report that GMFB can be mono-SUMOylated at
multiple sites by the covalent addition of a single SUMO1 protein, and identified K20, K35, K58, and
K97 as major SUMO acceptor sites. We also found that SUMOylation leading to increased stability
and trans-localization of GMFB. Furthermore, RNA-seq data and Real-time quantitative polymerase
chain reaction (rt-qPCR) also indicated that the SUMOylated GMFB upregulated multiple pathways,
including the cytokine-cytokin receptor interaction, NOD-like receptor signaling pathway, TNF
signaling pathway, RIG-I-like receptor signaling pathway, and NF-kappa B signaling pathway. Our
studies intend to provide a novel direction for the study into the biofunction of GMFB, SUMOylated
GMFB and the mechanism, clinical therapy, and prognosis of inflammation-related RPE disorders
like age-related macular degeneration (AMD) and diabetic retinopathy (DR).

Introduction

Glia maturation factor-f (GMFB), a highly evolutionary conserved protein, is a 17-kDa growth
and differentiation factor that contains an ADF-H domain (1,2). GMFB protein is primarily expressed
in the brain and also present in the inner layer of the retina, a special part of the CNS(3,4). GMFB
involved in Parkinson’s disease, breast cancer, neuroinflammatory conditions including Multiple
Sclerosis and so on(5-7). Over-expressed GMFB was more frequently localized in the microvascular
endothelial cells in tumor cells in high-grade and co-localized with CD31, which means that GMFB
probably related to the formation of Neovascularization(8). GMFB participates in many inflammatory
and immune reactions. The phosphorylated GMFB is an enhancer of p38 mitogen-activated protein
kinase (MAPK) and an inhibitor of extracellular signal-regulated kinase 1 and 2 (ERK1/ERK2)(9,10).

Post-translational reversible modification by small ubiquitin-related modifiers (SUMO) is known
to regulate protein stability, localization, and activity(11). There are four SUMO isoforms that have
been identified, SUMO1, SUMO2/3 and SUMO4, which mediating SUMOylation in mammals(12,13).
Being a member of the SUMO family, SUMOI participates in growth, development, and disease in
mammals(14-16). SUMOylation plays fundamental roles during eye development and pathogenesis
and involved in multiple cellular processes, such as regulation of transcription, apoptosis, transport to
the nucleus, protein stability, cellular stress response and cell cycle progression (17-19). Recently an
increasing number of studies have connected SUMOylation to the pathological changes of eye
diseases, including diabetic retinopathy, UVB-induced retinal diseases, retinal dystrophies and so
on(20-22). The article by Hu et al. demonstrated that in rat and cellular model systems SUMOylation
regulates Nox1-mediated DR by inhibiting ROS generation and apoptosis(23). SUMOylation also
regulates NF-«kB signaling in glomerular cells from diabetic rats and is associated with pathological
angiogenesis through regulates the Vascular endothelial cell growth factors receptor 2 (VEGFR2) by
SUMOylation and deSUMOylation (24,25).

We note that GMFB and SUMOylation are associated with the regulation of inflammation. Also,
it is well known that retinal pigment epithelial (RPE) cells play crucial roles in several ocular
pathologies. RPE cell damage is the hallmark of AMD pathogenesis, and one of the mechanisms is
oxidative stress and inflammation(26). Dysfunction of RPE causes the imbalance of secretions of
cytokines, chemokines, and growth factors in DR, which are related to inflammation, reduction
permeability, excessive production of reactive oxygen species (ROS), and apoptosis (27,28).

To date, there are no published studies on the biofunction of SUMOylated GMFB. Therefore, we
hypothesized that GMFB may be modulated by SUMOylation and play essential roles in RPE cells
under oxidative stress and inflammation. We detect the expression pattern of GMFB and SUMO in
retina tissues, and whether SUMOylation modulates the stability and function of GMFB. We also used
RNA-seq to investigate the function of SUMOylated GMFB. Here, our findings reveal that GMFB can
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be mono-SUMOylated at multiple sites. Furthermore, GMFB and SUMOylated GMFB correlates
closely with oxidative stress and inflammation.

Results

GMFB and protein SUMOQylation enhances in RPE cells at early stages of oxidative stress and
inflammation

First, we aimed to characterize the expression patterns of GMFB at the early stages of oxidative
stress and inflammation. The blood glucose level and body weight changes were detected after
Streptozotocin (STZ) or saline injection in Sprague Dawley rats to ensure that modeling was successful
(Fig. 1A, B). The expression of GMFB was detected in the total retina of the STZ-induced diabetic rats
by rt-qPCR and western blot analysis. Significantly increased expression of GMFB was observed in
IW and 2W, and then decreased at 7 weeks compared to the control (Fig. 1C). The results of the
immunofluorescence assay reveal that GMFB is expressed in multiple cell types including RPE cells
(Fig. 1D). Moreover, we detect the expression patterns of SUMO1, SUMO2 and SUMO3 in neural
retina and RPE-Bruch's membrane-choriocapillaris complex (RBCC). The expression patterns of
SUMOs in the neural retina were the same as in RBCC. SUMO2 shows the highest expression level
followed by SUMO1, and SUMO3 had the lowest level of expression (Fig. 1E). We also detected the
expression patterns of SUMOs in RBCC under oxidative stress and inflammation in the sodium iodate-
inducible model(29). The result indicated that the expression of SUMOI1 and SUMOS3 significantly
increased first and then temporarily decreased and increase again under oxidative stress and
inflammation, and the expression level of SUMOI1 is much higher than SUMO3(Fig 1F). There is a
low expression in 12h, because of apoptosis of RPE cell observed at 12 hours post-injection in sodium
iodate-inducible model (30). Then we detect the expression and location of GMFB and SUMOI in
ARPE-19 cells with or without high glucose treatment by immunofluorescence, and found that high
glucose treatment could significantly promote GMFB/SUMO1 co-localization (Fig 1G). These results
showed that SUMO1 and GMFB were both expressed in RPE cells, and the expression both increased
under the early stage of oxidative stress and inflammation.

GMFB is modified by SUMO1, and the SUMOylated site is shifted

As presented in Fig. 2A, SDS-PAGE analysis revealed that a predicted band at about 38KD
appeared with anti-GMFB, when co-transfected with FLAG-GMFB and His-SUMO1. And the nuclear
38 kDa GMFB protein was gradually increased with UBC9 (SUMO E2 ligase), and significantly
reduced with SENP1(deSUMO conjugase). It was demonstrated that the protein band at about 38KD is
a GMFB-SUMOI specific band, which means there is only one “K” on GMFB protein can be mono-
SUMOylated by SUMOI. We also noticed that when co-transfected SUMO1 with GMFB, the
expression level of GMFB is higher, which indicated that SUMOylation may enhance the stability of
GMFB. Most SUMO-modified proteins contain the consensus motif, y-K-x-D/E, where vy is a
hydrophobic residue, K is the lysine conjugated to SUMO, x is any residue and D/E is an acidic
residue. To determine which lysine of GMFB is potential SUMO modification sites, we performed
predictions of sumoylation sites based on a direct amino acid match to SUMO-CS and substitution of
the consensus amino acid residues with amino acid residues exhibiting similar hydrophobicity through
the UbPred (http://www.ubpred.org/), SUMOplot (http://www.abgent.com/sumoplot/), and GPS-
SUMO(http://sumosp.biocuckoo.org/online.php)(31). There are three predicted SUMOylation sites,
35K, 58K and 137K, and two SUMO-interaction motifs located at residues 5-9 (SIM5-9) and residues
42-46 (SIM42-46) on GMFB (Table 1, Fig. 2B). Multiple sequence alignment showed that all residues
K in GMFB protein are highly conserved across species (Fig. 2B). First, we selected three predicted
SUMOylated sites for experimental validation. However, the specific SUMOylated site of GMFB was
not found (Fig.2B-C). Thus, we constructed Flag-GMFB K to R series expression constructs, co-
expressed with or without His-SUMO1 and UBC9 in HEK293T(Fig.2C). And the result indicated that
almost all mutant K to R GMFB proteins still can be SUMOylated by SUMO1(Fig.2D-F). These data
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indicated that although GMFB can be SUMOylated at only one “K” site, there is no specific
SUMOylated site on GMFB. The SUMOylated “K” site is shifted.

K20, K35, K58 and K97 are the major SUMOQylation site of GMFB

To confirm that GMFB is SUMOylated at alternative sites, we constructed HA-GMFB K only
series expression constructs, which mutants with only one lysine on GMFB protein. We first detect the
correct expression of our K-only series plasmid, then co-transfected with His-SUMO1 and UBC9 to
detected the SUMOylated GMFB band. Our result showed that GMFB can be SUMOylated at K20,
K25, K35, K58, K74, K97, K108, K110, K119, K137, but not K17, K38 and K40 (Fig. 3C, D). And
based on relative band intensities of SUMOylated GMFB, we indicated K20, K35, K58 and K97 are
the major SUMOylation site of GMFB.

GMFB SUMOylation regulates protein stability

Protein regulation by reversible attachment of SUMO plays an important role in protein stability.
To detect whether there are differences in stability between the GMFB wt and GMFB all R, total cell
lysates from 293 cells transfected with GMFB wt-FLAG or GMFB all R-FLAG post-treated with
DMSO or CHX were measured. Samples from DMSO and CHX treated cells were analyzed separately
to prevent incorrect imputation. The result revealed that GMFB wt protein is very stable, but GMFB all
R is not (Fig. 4 A-C). Aim to know whether GMFB degradation is mainly dependent on the
proteasomal or lysosomal pathway, we measured the protein level in total cell lysates from 293 cells
transfected with GMFB wt-FLAG or GMFB all R-FLAG post-treated with MG132 or chloroquine
(CQ). MG132 is a reversible proteasome inhibitor. CQ is an autophagy inhibitor that can inhibit
degradation through the lysosomal pathway. The result indicated that GMFB all R is degraded by
proteasomal degradation systems (Fig. 4 D-F). Next, we overexpressed GMFB-wt with SUMOI or
SENP1 to enhanced GMFB SUMOylation or de SUMOylation in 293 cells, then measured the protein
level post-treat with MG132 or CHX. As expected, GMFB is decreased when SENP1 overexpression
(Fig. 4 G-H). SUMOylation protects GMFB from proteasome-mediated degradation. To further study
the role of different “K” SUMOylation of GMFB in the stability of protein, we repeat the experiment
with 293 cells transfected with GMFB wt-FLAG or GMFB K to R series plasmid and the MG132 or
CHX assay was performed. We found that the mutation of K17, K38, K40, K74, K119, K137 did not
affect protein stability (Fig. 4 I, J). These findings indicated that GMFB SUMOylation regulates
protein stability.

SUMOylated GMFB translocated to nucleus and plasma membrane

SUMOylation is also known to regulate protein translocation [28]. Thus, we detected the cellular
localization of GMFB in ARPE-19 cells transfected with sentrin-specific protease l-targeting small
interfering RNA (siSENP1). The result of immunofluorescence staining demonstrated that no observed
nuclear translocation of GMFB, but GMFB seems to cluster around the membrane areas under high
levels of global SUMOylation (Fig 5A). Next, we construct a fusion protein plasmid, FLAG-
SUMO1(aal-96)-GMFB, to mimic the dynamic balance of SUMOylated GMFB (32-34). The western
blotting also confirmed FLAG-SUMOI1-GMFB fusion proteins can cleaved by SENP1(Fig. 5B). The
quantitative analysis of SUMOylated GMFB/free GMFB ratio in nuclear, cytosol and membrane
fractionation in ARPE-19 cell line transfected with FLAG-SUMO1-GMFB plasmid indicated that
SUMOylated GMFB may translocate to nucleus and membrane (Fig. 5 E-F). We also noticed that there
are multiple bands of the SUMOylated GMFB in the nucleus, indicated other post-translational
modifications are present in the nucleus.

GMPFB regulated the multiple pathways through SUMOylated modification
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To unveil the molecular function of SUMOylated GMFB in RPE cells, we overexpressed empty
vector (EV), GMFB-wt, GMFB-all R and GMFB K58R in ARPE-19 cells, then performed whole
transcriptomic sequencing and comparative analysis. Hundreds of differentially expressed genes
(DEGs) were identified among NC, GMFB wt, GMFB-all R and GMFB K58R. As shown in the
volcano plot 369 genes were upregulated and 124 were downregulated, when overexpression GMFB
wt (Fig. 2A). Among them, 66 upregulated DEGs were suppressed and 16 downregulated DEGs were
increased by GMFB all R (Fig. 6B). Through analysis of PPI sub-networks, scores of differentially
expressed genes (DEGs) were identified to interact with other proteins and found lots of genes
associated with the cytokine-cytokine receptor (Fig. 6C). The top twenty most abundant KEGG
pathways indicated that the SUMOylated GMFB upregulated multiple pathways, including the NOD-
like receptor signaling pathway, TNF signaling pathway, RIG-I-like receptor signaling pathway, and
NF-kappa B signaling pathway (Fig 6D). Furthermore, the heatmap of DEGs shows GMFB up-
regulated a large number of genes. In contrast, GMFB all R resulted in down-regulation of partial
genes. Similar results were obtained in the K58R group, but the effect was slightly weaker than GMFB
all R group (Fig. 6E). Figure 7 showed that cytokine and cytokine receptor interaction up-regulated by
the GMFB-wt and downregulated by GMFB-all. To validate the RNA-seq results in vitro and in vivo,
the DEGs especially cytokine-cytokine receptors were selected for quantitation in the ARPE-19 cells
transfected with EV, GMFB-WT and GMFB ALL R and K58R samples and the RBCC of wt and
GMEFB knock out rats, the results are consistent with RNA-seq (Fig. 6F-H).

Discussion

GMFB is highly evolutionary conserved between yeast and mammals and regulates inflammation
in the central nervous system (CNS)(4,35). In mouse primary astrocytes, overexpression GMFB leads
to upregulation of nuclear factor-kB (NF-«B) and a significant increase of granulocyte-macrophage
colony-stimulating factor (GM-CSF), a pro-inflammatory cytokine, secretion(36). The SUMOylation
also has been considered to play a role in inflammatory processes. Previous research showed that
BMSCs overexpressing SUMO are more tolerant to hypoxia conditions, and have stronger repair
ability for damaged chondrocytes in vitro and for articular cartilage injury model in rats, and are
excellent seed cells for repairing articular cartilage(37).

Previous work has shown that hypoxia enhances protein SUMO-1 expression and modification,
inhibits the expression of the SENP1(38-41). The oxidative and ER stress also increase global
SUMOylation(42). In our study, we identified the expression of GMFB and SUMO1 was enhanced
under the early stage of hypoxia/high glucose or oxidative stress in RPE cells. Our conclusions are
consistent with the former research. Therefore, the role of SUMOylated GMFB in RPE cells under
oxidative stress and inflammation has been examined.

The human genome encodes four homology SUMO isoforms, which are SUMO1, SUMO2,
SUMO3 and SUMO4(43). SUMO4 expression mainly in adults and embryonic kidneys(44). As for
SUMOylation, SUMO1 is mainly conjugated to proteins as the monomeric form, SUMO2/3 is able to
form polymeric chains(18,45). SUMOI1 cannot form chains, but it can act as a chain terminator (46).
The sodium iodate-inducible model was established to represent oxidative stress and inflammation in
the RPE layer. The expression patterns of SUMOs in RBCC indicated SUMOI1 is more sensitive at the
initial stage of the reaction(29). Therefore, we hypothesized and confirmed that GMFB is covalently
modified by SUMOI at only one SUMOylated site.

Subsequently, we affirmed that there is no specific SUMOylated site in GMFB, which means that
the SUMOylated site in GMFB can shift. Moreover, we identified 4 major SUMOylated sites, 20k,
35k, 58k and 97k, even without the consensus sequence flanking lysine, the SUMOylation can still
occur(47).

Based on the current research state, SUMOylation enhances the protein stability via binding to
lysine residues that otherwise would be ubiquitinated (48,49). Our functional studies also reveal that
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the stability of GMFB protein is regulated by SUMOylation. And the stability of GMFB in RPE cells is
critical in maintaining the function of GMFB.

GMFB is primarily an intracellular protein because of lacking signal peptide sequence(50). Our
results confirm that the SUMOylated GMFB translocates to membrane and nuclear. A previous study
showed that GMFB is expressed on the cell surface of astrocytes and thymus epithelial cell lines
support our result(51,52). There has been reports showing GMFB can be secreted under certain
conditions(53,54). In the rat brain, GMFB has been found to be increased by 7-fold in the wound cavity
after aspiration lesion after rat brain injury and leading to glial proliferation(54).

RNA-Sequencing data indicates that overexpression GMFB is characterized by increased
expression of genes that are related to the inflammatory responses (OAS1, DHX58, CASP1, TNFSF13,
RASGRP3, NFKBIA, HLA-A, MYD88, TNFAIP3, STAT2, IL1A, IFITM2, IL15RA, IFITM1, IFI30,
GBP4, TLR3, and IL1B). De-SUMOylated GMFB is also characterized by decreased expression of
genes that are related to the inflammatory system (OAS1, TNFSF13, IFI30, GBP4, TLR3, CCL2,
SERPING1, HLA-F, and OAS2). Moreover, the construction of the protein-protein interaction (PPI)
network, recognition of hub genes and cluster analysis provides insight into the molecular mechanisms
of SUMOylated GMFB. High GMFB expression level upregulating NOD-like receptor signaling
pathway, TNF signaling pathway, RIG-I-like receptor signaling pathway, cytokine-cytokine receptor
interaction and NF-kappa B signaling pathway, and these pathways were down-regulated by de-
SUMOylated GMFB. Therefore, SUMOylated GMFB also plays an important role in inflammatory
responses.

NOD-like receptor signaling pathway participates in several ocular diseases such as DR(55). A
previous study has shown that sustained activity of the NOD-like receptor signaling pathway can
activate the pro-inflammatory cytokines IL-13 and IL-18 in type 2 diabetic patients(56). The secretion
of IL-1b from RPE cells also via the NLRP3 Inflammasome(57). Furthermore, the findings support that
the SUMOylated GMFB participates in DR pathogenesis.

The C-C motif chemokine 2 (CCL2), also called MCP-1, is a member of the CC chemokine
family that plays a vital role in DR(58). It is generally known that expression levels of CCL2 were
significantly associated with the clinical stages of DR, and considered as therapeutic targets in DR (59).
The retinal degeneration induces upregulation of the secretion of inflammatory chemokines such as
CCL2 via RPE cells, Muller cells and microglia in DR (60). Thus, the RT-qPCR assay was performed
to verify the role of SUMOylated GMFB on CCL2 expression in vitro and in vivo. However, the
specific mechanisms underlying SUMOylated GMFB in DR require further study.

Although there are important discoveries revealed by these studies, there are also limitations.
First, it’s difficult to detect endogenous SUMOylated GMFB due to dynamic posttranslational
modification process; Second, we failed to detect SUMOylated site by mass spectrometry because of
technical limitations ;  Third, further work needs to be performed to investigate the role of
SUMOylated GMFB in many ophthalmic diseases.

In summary, the present study demonstrates that SUMOylated GMFB is involved in a variety of
inflammatory signaling pathways and plays crucial roles in ocular inflammatory disorders such as
diabetic retinopathy. These results help to clarify the association between SUMOylation, GMFB and
inflammation, suggesting a new target for the treatment of RPE-related disorders like age-related
macular degeneration (AMD) and diabetic retinopathy (DR).

Experimental procedures

Cell lines

ARPE-19 and HEK293T cell purchased from ATCC were used in this study. All cells were
maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS (Gibco,
Thermo Fisher Scientific, Spain) at 37 °C and 5% CO2. and cultured.
Plasmids
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To construct pCMV-flag-WT-GMFB, pCMV-His-SUMO1, pCMV-UBC9, the DNA fragments
were amplified by PCR and subsequently cloned into the vector pCMV. Site-directed mutagenesis was
used to make amino acid changes, using pCMV-flag-WT-GMFB as templates.

Cell transfection

HEK293T and ARPE-19 cells were transfected using Lipofectamine 2000 (Invitrogen, USA),
according to the manufacturer's instructions. Plasmid and Lipofectamine 2000 was diluted in FBS free
DMEM(Gibco) medium and incubated for 5 min, separately. Then mixed together, and incubated for
10-15 min at room temperature (RT) to form the DNA-Lipofectamine complexes. Finally added to the
culture plates.

CHX, CQ and MG132 assay

To examine protein stability, cells were seeded into 24-well plates, cultured for 24 h, and
transfected with indicated plasmids. After treatment with CHX (20 pg/mL), CQ(50 uM), or MG132(20
uM) for indicated times, cells were then harvested, and subjected to western blotting.

STZ-induced diabetes model

Male Sprague Dawley rat (150 g) fasted overnight before given intraperitoneal injections of 50
mg/kg STZ dissolved in a 10mM sodium citrate buffer solution, pH of 4.5. Animals with blood glucose
levels over 300 mg/dl were considered diabetic.
siRNA knockdown

For knock-down experiments, ARPE-19 cells were seeded at 50%—60% confluence in six-well
tissue culture plate and grown overnight. Cells were transfected with double-stranded inhibitory RNA
oligonucleotides using Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer’s
instructions. Western blot analyses were carried out to confirm the specific inhibitory activity.
Immunoprecipitation and Western blot analysis.

Immunoprecipitation and western blotting assays were performed as previously described. Cells
were transfected with plasmid for 48 h and washed twice in ice-cold PBS, lysed in an
immunoprecipitation (IP) buffer for 30 min. The lysates were centrifuged at 12,000 g for 20 min to
collect supernatants, immunoprecipitated with specific beads, rotated at 4°C for 4 h.
Immunoprecipitates were washed three times with IP buffer before loaded and analyzed via SDS-
PAGE separation and immunoblotting.

Immunofluorescence

The slices of cells or tissues were washed 3 times in PBS then fixed with 4% polyformaldehyde
(Solarbio) at room temperature for 1 h. cells were incubated with 0.5% Triton X-100 (Solarbio) for 5
min, followed by permeabilized in 0.1% Triton for 15 min. Afterwards, blocked with 1% bovine serum
albumin(BSA) for 1h with the following primary antibodies: GMFB(1:100), SUMO1(1:50) overnight
at 4°C. Afterwards, cells were incubated with conjugated secondary antibody (1: 200) for 1 h following
three 5-min washes in PBS. The nucleus was stained by DAPI. Fluorescence signals were observed
under confocal microscopy.

RNA-Seq and KEGG pathway analysis

The illumina sequencing, Gene ontology (GO), pathway enrichment analysis, construction of the
protein—protein interaction (PPI) network (PIN), recognition of hub genes and cluster analysis were
completed by Beijing Genomics institution.
quantitative real-time PCR
Total RNA was extracted using the TRIzol reagent (Takara, Dalian, China) according to the
manufacturer’s instructions, then reverse transcribed to ¢cDNA using PrimeScript RT polymerase
(Takara, Dalian, China). SYBR Green Master Mix (Tiangen Biotech, China) on a LightCycler 96
Detection System (Roche) was used for RT-qPCR. Primers used in this study are listed in Table 2. Data
were analyzed using the 2-AACq method.
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Table 1 Prediction of SUMOylation Sites in GMFB.

Human GMFB UbPred SUMOplot GPS-SUMO
K17 - - -
K20 - - -
K25 - - -
K35 - + +
K38 - - -
K40 - - -
K58 + + +
K74 - - -
K97 - - -

K108 - - -
K110 - - -
K119 - - -
K137 - + +

Table 2 Primers used to amplify human CASP1, CASP3, CCL2 and IL1B, and rat Sumol, Sumo2,
Sumo3 and Ccl2.
Organis Target gene Oligonucleotide primers (5'-3")
Human CASP1 Forward:GCTGAGGTTGACATCACAGGCA
Reverse: TGCTGTCAGAGGTCTTGTGCTC
Forward: GGAAGCGAATCAATGGACTCTG
G
Reverse: GCATCGACATCTGTACCAGACC
Forward: AGAATCACCAGCAGCAAGTGTC
C
Reverse: TCCTGAACCCACTTCTGCTTGG
IL1B Forward: CCACAGACCTTCCAGGAGAATG
Reverse:GTGCAGTTCAGTGATCGTACAG
G
Rat Sumol Forward: TGAATCCACCGACACCATG
Reverse:CACTTTGAAATGGATCTCACTG
C
Sumo?2 Forward:CGCTGCCGCCTCCTTC
Reverse:GTCTTGACTCCTTCCTTGGGT
Sumo3 Forward: ACAGAGAACGACCACATCAAC
Reverse:GAATCTGCCTCATTGACAAGC
Ccl2 Forward:GGTCTCTGTCACGCTTCTG
Reverse: TTCTCCAGCCGACTCATTG

CASP3

CCL2

Figure Legends

Figure 1. GMFB and protein SUMOylation enhances in RPE cells at early stages of oxidative stress
and inflammation. Blood glucose (A) and body weight (B) of normal and STZ-induced diabetic rat in
first 7 weeks after the STZ treatment; (C) GMFB expression level in RBCC OF STZ-induced diabetic
rat at 1 week, 2 week and 7 weeks were determined by western blotting, and gray analysis of western
blotting; (D) The retina of control, 1 week and 7 weeks DR rat were stained by immunofluorescence
with anti-GMFB antibody and DAPI, white arrows: RPE layer; Scale bar represents 50 pm. (E)
Relative expression of SUMOI1, SUMO2 and SUMOS3 in neural retina and RBCC; (F) Relative
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expression of SUMO1, SUMO?2 and SUMO3 in the sodium iodate-inducible model of oxidative injury
to the RPE; Bars show the relative expression level of mRNA for each condition according to the
comparative Ct method: Ratio = 2-AACt. * p<0.05, ** p<0.001, *** p<0.0001, nonspecific (NS). (G)
Immunofluorescence of GMFB and SUMOI1 in ARPE-19 cells treated with high glucose for 24 hours.
Channel intensity profiles for the red and green channels were performed by Image J. Scale bar

represents 50 um.

Figure 2. GMFB is modified by SUMOI1, and the SUMOylated site is shifted (A) 293T cells were
transfected with expression vectors for GMFB-WT-Flag(0.5ug), His-SUMO1(1ug), UBC9(1ug), and
SENP1(1ug). And the protein extracts were immunoblot with antibody to GMFB. (B) Conservation of
amino acids in predict post-translational modification sites. The gray areas indicate the sites which
predicted post-translational modification. (C) Schematic of GMFB K to R constructs. (D) 293 cells co-
transfected with His-SUMOI1 and Flag-GMFB(WT), Flag-GMFB (K35R), Flag-GMFB (K58R) and
Flag-GMFB (K137R) were IP for FLAG followed by IB for His (SUMOI1). (E) 293 cells co-
transfected with His-SUMO1and Flag-GMFB(WT), Flag-GMFB (K to R) series plasmids were IP for
His(SUMOL1) followed by IB for GMFB. (G)The ratio of SUMOylated GMFB to the free GMFB of
the quantitative analysis of the gray density of Western blotting bands.

Figure 3. K35, K58 and K97 are the major SUMOylation site of GMFB (A) Partial sequence
electropherograms of GMFB mutants K-all-lR and GMFB-17K-ONLY , GMFB-20K-
ONLY , GMFB-25K-ONLY , GMFB-35K-ONLY , GMFB-38K-ONLY , GMFB-40K-
ONLY , GMFB-58K-ONLY , GMFB-74K-ONLY , GMFB-97K-ONLY , GMFB-108K-
ONLY , GMFB-110K-ONLY , GMFB-119K-ONLY , GMFB-137K-ONLY plasmid and the
correspond GMFB-K to R plasmid. (B) Schematic of GMFB constructs. (C) 293 cells were transfected
with plasmids for expression of the K-only GMFB protein. Protein levels were analyzed by Western
blotting showing that K-only GMFB plasmids were well expressed in 293 cells. We generated a rabbit
polyclonal anti-GMFB antibody to indicate the sensitivity for the detection of the mutant protein. (D)
293 cells were transfected with His-SUMO1 and HA-GMFB (K only) plasmids were IP (HA) followed
by IB for GMFB.

Figure 4. GMFB SUMOylation regulates protein stability (A) Western blot of total cell lysates from
293 cells transfected with GMFB wt-FLAG or GMFB all R-FLAG and treated with DMSO, CHX.
Blot was probed using an anti-FLAG antibody. A representative blot is shown. (B) The graph shows
the percentage of FLAG signals normalized to ACTB at the indicated time points in wild-type and all
R mutant. (C) Quantification of normalized levels of GMFB wt-FLAG and GMFB all R-FLAG from
western blots from 3 independent experiments for each treatment. (D) Western blot of total cell lysates
from 293 cells transfected with GMFB wt-FLAG or GMFB all R-FLAG and treated with MG132 or
CQ. Blot was probed using an anti-FLAG antibody. (E) The graph shows the percentage of FLAG
signals normalized to ACTB at the indicated time points in wild-type and all R mutant. (F)
Quantification of normalized levels of GMFB wt-FLAG and GMFB all R-FLAG from western blots
from 3 independent experiments for each treatment. (G) Western blot of total cell lysates from 293
cells transfected with GMFB wt-FLAG with SUMO1 or SENP1 and treated with MG132 or CHX.
Blot was probed using an anti-FLAG antibody. A representative blot is shown. (H) The graph shows
the percentage of FLAG signals normalized to ACTB at the indicated time points in wild-type GMFB
with SUMO1 or SENP1. Western blot of total cell lysates from 293 cells transfected with GMFB wt-
FLAG or GMFB K to R series plasmid and treated with MG132(I), CHX(J). Blot was probed using an
anti-FLAG antibody.

Figure 5. SUMOylated GMFB may be translocated to the nucleus and plasma membrane. (A) ARPE-
19 cells were transfected siSENP1 in a 48-wells plate for 48 and stained by immunofluorescence with
anti-GMFB antibodies and DAPI. (B) 293 cells were transfected with expression vectors for FLAG-
SUMO1-GMFB and siSENP1, and immunoblot with antibody to FLAG and SENP1. (C) Nuclear,
cytosol and membrane fractionation of GMFB in 293 cell line after transfected with FLAG-SUMO1-
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GMFB plasmid. ATP1A2, Lamin B and ACTB serve as membrane, nuclear and cytoplasmic markers,

respectively. (D) The quantitative analysis of the gray density of Western blotting bands from GMFB
of nuclear in 293.

Figure 6. GMFB regulated the multiple pathways through SUMOylated modification. Volcano plot
pictures showing the differentially regulated genes in both comparisons. (A) WT versus NC, (B) All R
versus WT. The volcano plot was used as a filter to view the differentially expressed genes. A volcano
plot shows the log2(Fold Change) in the x-axis against the —logl0(FDR) in the y-axis. upregulated in
red and downregulated in green. (C) The PPI network of DEG in the comparison of All R versus WT.
(D) The top twenty most abundant KEGG pathways enrichment analysis for the ARPE-19 cells
transfected with GMFB-wt and GMFB all R. (E) The heat map of the expression level of genes
differentially regulated genes in the comparison of NC, wt, all R and K58R. (F) Several gene
expression was measured on ARPE-19 cells transfected with GMFB-wt and GMFB all R by qPCR
relative to ACTB. (G) Validation of Gmfb knockout rats by genomic DNA PCR and sequencing. (H)
Ccl2 expression was measured on RBCC of NC, DM, KO+1, KO+1-DM, KO+5 and KO+5-DM rats
by qPCR relative to Gapdh. Bars represent mean + SEM (n=7). **P<0.01; ***P<0.001. Bars represent
mean + SEM. **P<0.01; ***P<0.001; ****P<0.0001.

Figure 7. The KEGG pathway was constructed by the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database. Cytokine and cytokine interaction up-regulated by the GMFB-wt (A) and
down-regulated by GMFB-all (B).

Figure 1

DAPI GMFB MERGE

A

w
o

- Control Rat

- Control Rat - Diabetic Rat

- Diabetic Rat
600-
200

2 4 6 8
time after STZ injection(weeks)

Control

Blood Glucose(mg/dl)
s
8
Body Weight(g)

c E F DR-IW

- Control
H
GMFB| - ——

ACTB | e o o N9 &9

H -con
i, =-n
i,

DR-7TW

GMFB SUMO1 DAPI Merge

HG



https://doi.org/10.1101/2021.03.03.433763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.03.433763; this version posted March 3, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure 2

SIM 17 20 25 35 3340 SIM
A GMFBFLAG Q5ug + + + + + B GMFB H.sapiens NP_004115. 1 1 MSESLYYCDYAEDLYEKLRKFRFRKETNNAALIMKIDKDKRLYYLDEELE 50
e lﬁg ST A M GMFB  B.taurus NP_001094707. 1 1 MSESLYVCDYAEDLYEKLRKFRFRKETNNAALIMKIDKDKRLYYLDEELE 50
sl - L . Gmfb  Mmusculus  NP_071306. 2 1 MSESLYYCDYAEDLYEKLRKFRFRKETHNAALIMKIDKDERLYYLDEELE 50

[BLamin Bl e s e ——— 7

w Gmfb  Ronorvegicus NP_112294. 1 | MSESLYYCDVAEDLYEKLRKFRFRKETHNAALIMKIDKDKRLYYLDEELE 50
5 =»SUMOylated GMFB  GMFB ~ G.gallus NP_001026385. 1 | MSESLYYCDVAEDLYEKLRKFRFRKETNNAALIMKIDKDKQLYYLDEEHE 50
& 2 gmfb  Drerio NP_998275. 1 I MSESLYYCEVDEDLYKKLRDFRFRKETNNAALIMKIDKDKQLYILEEEHE 50
g IBGMFB " 2 CG5869 D.melanogasterNP_609787. 2 | MSDNQ-ICDISNEVLEEL ILKYDREKQIYYLDEFID 49
gmfg  Xtropicalis  NP_001017002. 1 | MSESLYYCDYDAELYEKLKKFRFRKETNNAALIMKIDKDRRLYYLEEEHE 50
,..- = GMFB-FLAG epicalis M
« TovrEB
i 40 58 74 97
2 - - = SUMOylated GMFB GMFB  Hsapiens  NP_004115. 1 51 GLSPDELKDELPERQPRFIYYSYKYQHDDGRYSYPLCFIFSSPYGCKPEQ 100
= IBGMFB » GMFB B taurus NP_001094707. 1 51 GLSPDELKDELPERQPRFIYYSYKYQHDDGRYSYPLCFIFSSPYGCKPEQ 100
Gmfb  Mmusculis  NP_071306.2 51 GYSPDELKDELPERQPRFIYYSYKYQHDDGRYSYPLCFIFSSPYGCKPEQ 100
€ oW P LT Gmfb  Ronorvegicus NP_112294. 1 51 GYSPDELKDELPERQPRFIYYSYKYQHDDGRYSYPLCFIFSSPLGCKPEQ 100
| 6 g T s
i i i GMFB  G.gallus NP_001026385. 1 51 GLSPDELKDELPERQPRFIYYSYKYQHEDGRYSYPLCFIFSSPYGCKPEQ 100
FGHFEw
gmfb  Drerio NP_998275. 1 51 DISPEDLKNELPERQPRFYYYSYKYQHDDGRYSYPLCFIFSSPYGCKPEQ 100
FGUFEKITE
CG5869 D.melanogasterNP_609787. 2 50  DISYDELADILPGHUPRYYIYTYKMYHDDQRISYPHCFIFYTPRDSQIEL 99
FGUFE K
gmfg  Xtropicalis  NP_001017002. { 51 GLSPDELKDELPERQPRFIYYSYKYQHDDGRYSYPLCFIFSSPLGCKPEQ 100
FGUFE K25
o GUFEKISF
B GMFBRER GMFB  H.sapiens NP_004115. 1 101 QMMYAGSKNKLVQTAELTKYFEIRNTEDLTEERLREKLGFFH 142
Hu GUFBKAF GMFB  B.taurus NP_001094707. 1 101 QMMYAGSKNKLVQTAELTKYFEIRNTEDL TEERLREKLGFFH 142
o GUFEKSEF Gmfo  Mmusculus  NP_OT1306.2 101 QMMYAGSKNKLVQTAELTKYFEIRNTEDL TEERLREKLGFFH 142
o GUFEKHE Gmfb  Ronorvegicus NP_112294. 1 101 QMMYAGSKNKLVQTAELTKYFEIRNTEDL TEERLREKLGFFH 142
o GUFEKSTE GMFB  G.gallus NP_ 1 101 VQTAELTKYFEIRNTEDL TEERLREKLGFFH 142
o GUFB-KIGES gmfb  Drerio NP_998275. 1 101 QMMYAGSKNKLVQTVELTKYFEIRNTEDL TEEWLREKLGFFR 142
— CG5869 D.melanogasterNP_609787. 2 100 QHMYACTKSALQREYDLTRYYEIRELDELTEERLKAKLK 138
P gmfg  Xtropicalis  NP_001017002. { 101 QUMYAGSKNKLVQTAELTKYFEIRNTEDL TEERLTEKLGFFH 142
i GUFE-KINE E LR
. © TN s s St
e
GMFB -+ - - - B + sskva
FLAG-GMFB(K35R) - - + - - T Z " s
FLAG-GMFBK58R) - - - + - - - -t - S-voveoloibssed
FLAG-GMFB(KI37R) - - - - + e sk IBCMFB
HIS-SUMOL - + + + + -+ o+ o+ o+ oy
UBCO - + + + + ‘% ow o P by
IB:Lamin B s s - o D3 1B GMFB
- el " Cover emposure)
B s =
SRRame s -
_h 0D
IB:HIS 0 2
— - =
35
- cem-  ecge e
119453 (p Lysi0arg)
A 50820 (pLysiAr) €554>G (p Lys20Ar) CTAG (pLys2SAr) C100>G (pLys3SArD C1I3AG (P LysItArd

JAR
M

Y

=% T

!/\ A }‘ \\
T

T

Lysi7 Lynihy iTin

Lyssshy iy

20Lysonly S
A
LN
L o T =
©2214>G (pLysT4Arg) ©2904>G (pLys97Are) 1
s 1 1 il = |
’\‘ 1L il Al Al i 1\
LL‘ NV LIVWY l \
Lys 58 Arg 2t z Lys7s Lyss7arg ZEiZils Lys 108, i1 Lysil Lys 194z
E L : 3 D g < W ; 3 i
Al p A ]
AWV AV
T TR TI 9[ Allarg ==

Aan A

T T Loty S

¥ o o g Ok B B
aeinini 5 - - P ¢ SRR R R R S
1

— ANTLFLAG 2500

Ml

ANTEGMED| | g o i —
.mn.m| - -

Lys 137 Arg. s
T ANTL - Tubulin | [— — ———
e
o 1t 1 9 o
D © TR BRRPARRB NSRS ¢
All . Lamin Bl e o e o —— o
5 IB:HA = SUMOyhated GNP
e i N
B wson
[ e -
13Lysony
i R
- P PR e T St
wr IBFLAG -



https://doi.org/10.1101/2021.03.03.433763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.03.433763; this version posted March 3, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

Figure 4

made available under aCC-BY-NC-ND 4.0 International license.

A FLAG B-Actin B C 15 FLAG
DMSO(h) ©0 1 2 4 6 8 01 2 46 8 2 = GMFB-WT-DMSO I MGI32(h) 0 1 3 6
sosse - sgmne . L F S
GMFBWT = - Teeeww @ GMFBIROMSO & St -
- - 5 < Gwreaircix 3 GMFBKI7R | e
GMFBallR @ 1o =) s % GMFBK0R e e o o=
H 3
FLAG p-Actin S 4. GMFB K25R | - -
CHX(h) 0 1 2 4 6 8 0 1246 8 i . GMFBKISR 8 e e
GMFBWT (REDENENEDES - AR £ & & & GMFBK3SR e o o o
lours. o R S X
GMFBallR e e = = - - ——— @aé I Y 4 GMFBKAOR i e a
R
& & & GMFBKSSR e aee e a
D FLAG B-Actin E F GMFBK74R g e v @
MGI2(h) 0 1 2 4 6 01 2.4 6 3 GMFBKOTR e e g #58
; 3
GMFB WT - - ————— i -~ GMFB-WT-MG132 GMFB KI10SR s g we
= GMFB-WI-CQ @ I‘
GMFBallR v = v - - - —— - - GMFB-all R-MG132 5 3 GMFBKIIOR % @B &S e
ot -~ Y 2
2 [/ SFE R H GMFBKIIR e o we
FLAG p-Actin /
£, g — T — L ypp——
cQ(h) 012 46 01 246 s
GMFBWT  ao  a  o 7 FLAG
o o SRR b 65 T 3
CHX(h) 0 05 1
— —_—_— = — 0 2 4 L s O N O )
GMFBIR | SRR Hours & &£ & GMFBWT am om » e
Q & N
&« W & N i\ 7 -
(:* qé GX{( \\Q GMFBKI7TR «»
S
G (;#0 e“& GMFBK20R = = -
FLAG p-Actin = GMFBK2SR @B s e =
CHX(h) 0 2 4 6 0 46 T GMFBK3SR S o
. - GMFB-WT+SUMOT+CHX _
GMFB WT = SUMO1L - - - - - - — [
s & GMFB-WT+SUMO1+MG132 GMEBESER |
2 & @ GMFB-WT+SENP1+CHX <.
M +SEN - - £ GMFB K40R
GMFB WT +SENP1 [ 13 - GMFB-WT+SENP14MG132
510 K: -
G B-Actin E = : GMFBKSSR  amm e
MG132(h) 0 2 4 6 02 4 6 ©o0s 2 GMFBK74R = == w= o=
GMFB WT + SUMO1 ———— ———— o0 GMFBKOTR  w  w w
"o 2 4 6 8 MFBK' P
GMFB WT + SENP1 —-——-—— — — Hours GMFB K108R
GMFBKII0R "= == o=
GMFBKIIOR @b e e =
GMFBKI3TR e on wn w=

Figure 5

A

NC

siSENP1

DAPI B
. 40kDa
35kDa
25kDa
15kDa
o D
P P o
& & ¥ poe
S LS m Kk kK
& 6&'* LEL 4-
RV P ®
(SR g o 2 2 *,okokk
ATP1A2 e o, | | —|
- Sr3
sSu
LAMINB o Ead
2= 2
ACTB B e=m s O
Qg
22
3 - 2 ® 14
FLAG ' ! SUMOylated GMFB £ %
[
x = 0
- _ 5 0-
- Free GMFB 3 cP NP

Anti-SENP1

W # —— SUMOylated GMFB

@ #= — Frec GMFB

MP

p-Tubulin

0.1 35
- - -

- - -
- - -
———
- - -
-——— -
————
-
- -
————
B-Tubulin

0 08 1.3


https://doi.org/10.1101/2021.03.03.433763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.03.433763; this version posted March 3, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure 6

A s nup C

 no-DEGS
o O o g comorien S o [ o>

-10g10(FDR)

10 8 6 4 2 0 2
Iog2(AIRWT)
12
D Term Candidate Gene Num
2 s ’ 10
0910 (Qualve)
1 Term Candidate Gene Num 5
5
2
l\ 0
o=
AGE RAGE sgnaing
G5 Branched dbasic acd m
o a5 1 3 2 25 5
-og10 (Q value)
F =
. NC
- wT
- AIR

o
1

[r—

e——
worssaude Ty
worssaudk3 uEs

Gmfb-wt.seq(1>10573) < AT CTTC

GmEb-KO+1.abl (16>295) ¢

Relative mRNA expression
»
2
p——
p——
@

T

s

o

o

s

o

N
—
N

"

H

Gmfb-wt.seq(1>10573) <~ | Cc A C T A M- =+ - - 1 ¢ X
GmEb-KO+5.abl (25>278) ¢—

Relative Ccl2 expression to Gapdh

gaiccravaalancisiir gl v icix



https://doi.org/10.1101/2021.03.03.433763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.03.433763; this version posted March 3, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure 7

CYTOKINE CYTOKINE RECEPTOR INTERACTION

Chemabines
A ety

v

I

gl

BN 2 ENER

Data on KEGG graph
Rendored by Pathview

CYTOKINE CYTOKINE RECEPTOR INTERACTION

Chemalies
sty

v

I

98 @
*I\Ii{!\’lll\

&
&
H

Data on KEGG graph
iered by Pathview



https://doi.org/10.1101/2021.03.03.433763
http://creativecommons.org/licenses/by-nc-nd/4.0/

