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Abstract

Gli-similar 3 (Glis3) is Kr€uppel-like transcription factor associated with the

transcriptional regulation of insulin. Mutations within the Glis3 locus have been

implicated in a number of pathologies including diabetes mellitus and

hypothyroidism. Despite its clinical significance, little is known about the

proteins and posttranslational modifications that regulate Glis3 transcriptional

activity. In this report, we demonstrate that the SUMO-pathway associated

proteins, PIASy and Ubc9 are capable of regulating Glis3 transactivation

function through a SUMO-dependent mechanism. We present evidence that

SUMOylation of Glis3 by PIAS-family proteins occurs at two conserved lysine

residues within the Glis3 N-terminus and modification of Glis3 by SUMO

dramatically inhibited insulin transcription. Finally, we provide evidence that

Glis3 SUMOylation increases under conditions of chronically elevated glucose

and correlates with decreased insulin transcription. Collectively, these results

indicate that SUMOylation may serve as a mechanism to regulate Glis3 activity

in b cells.
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1. Introduction

Insulin, a hormone produced and secreted by pancreatic b cells, is critical for the

proper regulation of blood glucose homeostasis. Transcriptional regulation of the in-

sulin gene is under complex controls and is mediated by a host of transcription fac-

tors that form a transcriptional regulatory complex through binding to specific

enhancer elements within the insulin proximal promoter (Andrali et al., 2008;

Melloul et al., 2002; Ohneda et al., 2000). Among these are pancreatic and duodenal

homeobox protein 1 (Pdx1), v-maf musculoaponeurotic fibrosarcoma oncogene ho-

molog A (MafA), and Gli-similar 3 (Glis3), which bind to A-boxes, C-boxes, or

GlisBS within the insulin promoter, respectively. These factors have been shown

to act synergistically to activate insulin transcription both through direct interactions

and through their ability to recruit the co-activator CREB-binding protein (CBP/

p300) (Qiu et al., 1998; ZeRuth et al., 2013; Zhao et al., 2005). These transcription

factors additionally have roles in the specification, maturation, and maintenance of

insulin-producing b cells (Ackermann and Gannon, 2007; Cerf, 2006; Lichti-

Kaiser et al., 2012). In humans, GLIS3 deficiency has been linked to the develop-

ment of a rare syndrome characterized by neonatal diabetes and congenital hypothy-

roidism that can additionally include polycystic kidney disease and hepatic fibrosis

(Dimitri et al., 2011; Senee et al., 2006). Genome-wide association studies have

further identified GLIS3 as a risk locus for both type 1 and 2 diabetes as well as Alz-

heimer’s disease (Boesgaard et al., 2010; Cho et al., 2012; Cruchaga et al., 2013; Hu

et al., 2010; Liu et al., 2011; Rees et al., 2011; Santin and Eizirik, 2013).

A yeast-two-hybrid analysis using the Glis3 N-terminus as bait and a pancreatic b

cell prey library indicated that small ubiquitin-like modifier (SUMO) pathway asso-

ciated proteins putatively associate with the transcription factor (ZeRuth et al.,

2015). Posttranslational modifications (PTMs), including SUMOylation, are critical

in the regulation of the activity and function of many proteins. SUMOylation has

been shown to modify numerous proteins that play a role in diverse physiological

processes (Flotho and Melchior, 2013). The consequences of SUMOylation are

diverse and can include changes in sub-cellular localization, changes in protein sta-

bility, interplay with other PTMs, or regulation of protein-protein interactions

(Geiss-Friedlander and Melchior, 2007). Additionally, SUMOylation has been

implicated in both the positive and negative regulation of numerous transcription

factors (Chymkowitch et al., 2015; Cox et al., 2010; Gong et al., 2014; Ihara

et al., 2005; Kanai et al., 2010; Kishi et al., 2003; Shao and Cobb, 2009). SUMOy-

lation requires a series of events that lead to the conjugation of SUMO to target sub-

strates. These include activation of pro-SUMO by an E1 activating protease,
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conjugation by an E2 enzyme, Ubc9 (UBE2I) (Johnson and Blobel, 1997; Lee et al.,

1998), and covalent attachment of SUMO to the ε-amino group of a target lysine by

an E3 SUMO ligase (Gareau and Lima, 2010). Among the SUMO E3 ligases are a

family of RING-domain-containing proteins that includes the protein-inhibitor-of-

activated-STAT (PIAS) proteins, PIAS1, PIAS3, PIASXa, PIASXb, and PIASy

(PIAS4) (Rytinki et al., 2009).

In this report, it is shown that PIAS-family proteins and Ubc9 are capable of modi-

fying Glis3 with SUMO. SUMOylation of Glis3 occurs at two conserved lysine res-

idues located within the N-terminus of the protein, which can be SUMOylated by

SUMO1 as well as by SUMO2/3. SUMOylation of Glis3 resulted in a dramatic

downregulation of insulin transcription due to inhibition of its transcriptional activity

with no observed changes in subcellular localization or loss of protein stability.

Finally, we show that Glis3 is modified by SUMO2/3 in BRIN BD11 and INS1

832/13 cells following sustained levels of elevated glucose.

2. Materials and methods

2.1. Cells and growth conditions

Rat insulinoma INS-1832/13 cells, a generous gift from Dr. H. Hohmeier (Duke

University), were maintained in RPMI 1640 supplemented with 10% fetal calf serum,

10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, 100 units/ml penicillin,

100 mg/ml streptomycin, and 50 mM 2-mercaptoethanol. HEK293T cells were pur-

chased from ATCC and cultured in DMEM containing 100 units/ml penicillin,

100mg/ml streptomycin, and 10%FBS.BRINBD11 cells were purchased from the Eu-

ropean Collection of Authenticated Cell Cultures (ECACC) and were maintained in

RPMI 1640 supplemented with 100 units/ml penicillin, 100 mg/ml streptomycin,

and10%FBS.BRINBD11 and INS1832/13 cellswere used between passages 30e47.

2.2. Generation of plasmids and constructs

The generation of p3xFLAG-CMV10-Glis3 was described previously (Kang et al.,

2009; ZeRuth et al., 2011, 2015) and expresses full-length murine Glis3 transcript

variant 1 (ACCESSION: NM_175459). The luciferase reporter constructs p-mIP-

696-Luc, p-(UAS)5-Luc, and pM-Glis3(1e653) were also described previously

(Kang et al., 2009; ZeRuth et al., 2011, 2013, 2015). pCMV-Myc-PIAS1, PIASy,

and Ubc9 were generated by PCR amplifying the full length cDNA and directionally

cloning into pCMV-Myc (Clontech) using EcoRI and XhoI restriction enzymes. pM

and VP16 PIAS1 and PIASy constructs were made by PCR amplifying the indicated

regions and cloning into pM or VP16 vector (Clontech) using EcoRI and BamHI re-

striction enzymes. p3xFLAG-CMV10-MafA was described previously (ZeRuth et al.,

2013). pcDNA3 HA-Sumo1 WT was a gift from Guy Salvesen (Addgene plasmid #
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48966) and Flag-SENP1 was a gift from Edward Yeh (Addgene plasmid # 17357)

and were described previously (Bekes et al., 2011; Cheng et al., 2007). 3xFLAG-

Glis3 K224R and K430R mutants were generated by site-directed in vitro mutagen-

esis using p3xFLAG-CMV10-Glis3 as template. All mutants were verified by

sequencing. FLAG-Glis3:SUMO fusion constructs were generated by overlap-

extension-synthesis PCR (OES-PCR) using primer sets shown in Table 1. Briefly,

the region encoding Glis3 amino acids 1e223 or 1e429 were amplified by PCR

with a 50 EcoRI overhang and 30 overhangs overlapping the 50 portion of SUMO1

using primers: Glis3 EcoRI F, SUMO224R, and 430-SUMO-R.

SUMO1 was PCR amplified with a 50 and a 30 overhang overlapping Glis3 at the

indicated regions using primers: SUMO1-224 F and SUMO1-224R or SUMO1-

430F and SUMO1-430R.

And the 30 portion of Glis3 encoding amino acids 225e935 or 431e935 was ampli-

fied with a 50 overhang overlapping the 30 portion of SUMO1 and a 30 BamHI over-

hang using primers: 224-SUMO F or 430-SUMO F and Glis3-BamHI R.

PCR products were cleaned up using a GenElute PCR Cleanup Kit (Sigma Aldrich)

and added in equimolar concentrations along with dNTPs and Pfu TURBO (Agilent

Technologies) and run in a thermal cycler programmed 95 �C 2 min, followed by 20

cycles of 95 �C 30 sec; 60 �C 30 sec; 72 �C 3 min. 5 ul of the resulting product was

removed and used as template for a subsequent PCR reaction this time including 0.4

uM FLAG Glis3 EcoRI F primer and Glis3-BamHI R primer using conditions 95 �C
2 min followed by 40 cycles of 95 �C 30 sec; 55 �C 30 sec; 72 �C 3 min. The correct

sized bands were gel purified in a 1% agarose gel and subsequently digested with

EcoRI and BamHI. Digested inserts were directionally cloned into p3xFLAG-

CMV10 plasmid (Sigma Aldrich) cut with identical enzymes. Positive clones were

analyzed by restriction analysis and verified by sequencing.

Table 1. List of primers used for OES cloning.

Primer Name Primer Sequence (50 to 30)

Glis3 EcoRI F ATGCGAATTCAAATGGAAGGTCATGT

224-SUMO-R TGCCTCCTGGTCAGACACACTCAAGGCTGA

430-SUMO-R TGCCTCCTGGTCAGAGAGCATGTTGGCTGT

SUMO1-224 F TCAGCCTTGAGTGTGTCTGACCAGGAGGCA

SUMO1-224R CTGAGACCACTCTTGTTGTTCCTGATAAAC

SUMO1-430F ACAGCCAACATGCTCTCTGACCAGGAGGCA

SUMO1-430R CTCCAGGCGCTCTGTTTGTTCCTGATAAAC

224-SUMO F GTTTATCAGGAACAACAAGAGTGGTCTCAG

430-SUMO F GTTTATCAGGAACAAACAGAGCGCCTGGAG

Glis3-BamHI R ATGCGGATCCTCAGCCTTCGGTATA
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2.3. Reporter assays

Cells were plated in 12-well dishes at 1� 105 cells/well and incubated for 24 h at 37
�C. Cells were subsequently transfected with the indicated reporter, pCMV-b-galac-

tosidase, and the indicated expression vector in serum-free medium without anti-

biotic using Lipofectamine 3000 (Invitrogen) per the manufacturer’s instructions.

Each transfection was carried out in triplicate. Cells were harvested after 48 h by

scraping them directly into 125 ul of reporter lysis buffer, and luciferase activity

was measured using a luciferase assay kit (Promega). b-Galactosidase levels were

measured using a luminometric b-galactosidase detection kit (Clontech) following

the manufacturer’s protocol. Each data point was assayed in triplicate, and each

experiment was performed at least twice. Relative luciferase activity was calculated.

All values underwent analysis of variance and Tukey-Kramer comparison tests using

InStat software (GraphPad Software Inc.), and data from representative experiments

are presented as mean � S.D. Mammalian two-hybrid assays were performed with

HEK293T cells plated in 12-well dishes at 1 � 105 cells/well and incubated for 24 h

at 37 �C. Cells were subsequently transfected with pM or VP16 empty vector (Clon-

tech) or the indicated chimera, pFR-Luc, and pCMV-b-gal diluted in serum-free me-

dia lacking antibiotic and incubated with Lipofectamine 3000 reagent according to

the manufacturer’s protocol (Invitrogen). Cells were harvested, and luciferase assays

were conducted and analyzed as reported above.

2.4. Co-immunoprecipitation assays

Cells were transiently transfected with the specified plasmids using Lipofectamine

3000 reagent (Invitrogen) following the manufacturer’s protocol. 48 h after transfec-

tion, cells were harvested by scraping in radioimmune precipitation assay buffer (25

mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 20 mM sodium molybdate,

and 0.5% Nonidet P-40) containing protease inhibitor cocktails I and II (Sigma). Cell

lysates were centrifuged at 16,000 x g for 10 min at 4 �C, and a fraction of the su-

pernatant was stored at �80 �C for the input fractions. The remaining supernatant

was incubated at RT for 15 min with DynaBeads Protein G (Invitrogen) conjugated

to the indicated antibody. Beads were washed three times with 200 ml of ice-cold

PBS containing protease inhibitor and proteins were released from the beads by

boiling for 5 min in the presence of 1x Laemmli buffer supplemented with 2.5%

2-Mercaptoethanol. For IPs examining SUMOylation, 20 mM N-ethylmaleimide

(NEM) was added to lysis buffer and all subsequent wash steps. Input and immuno-

precipitated proteins were examined by Western blot analysis using mouse anti-

FLAGM2 (Sigma Aldrich), mouse anti-Myc antibody (Invitrogen), rat anti HA anti-

body (Roche), ChIP grade rabbit anti-GFP (AbCam) rabbit anti-PIAS1 antibody (In-

vitrogen), rabbit anti-PIAS4 antibody (Cell Signaling Technologies), rabbit anti-

SUMO1 (Cell Signaling Technologies), or mouse anti-SUMO2/3 antibody
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(Cytoskeleton) and the appropriate HRP-conjugated secondary antibodies. Blots

were processed and analyzed using an Amersham Imager 600 digital imager (GE

Life Sciences). All experiments were performed at least two times. Representative

blots are shown.

2.5. Western blot analysis and protein quantification

Proteins were resolved by SDS-PAGE and then transferred to PVDF membrane (In-

vitrogen) by electrophoresis. Immunostaining was performed with the indicated anti-

body at either 4 �C for 18 h or 22 �C for 1 h in BLOTTO reagent (5% nonfat dry milk

dissolved in 50 mM Tris, 0.2% Tween 20, and 150 mM NaCl). Blots were subjected

to three 10-min washes in TTBS (50 mM Tris, 0.2% Tween 20, and 150 mM NaCl),

and bands were detected by enhanced chemiluminescence following the manufac-

turer’s protocol (GE Healthcare). Proteins were quantified using ImageQuantTL

software (GE Life Sciences) The mean intensity and pixel count of experimental

bands were multiplied and divided by the mean intensity multiplied by the pixel

count of GAPDH bands used for normalization. All samples were run in duplicate

and all experiments performed at least twice. Data shown are the average of dupli-

cate samples � S.D.

2.6. Quantitative reverse transcriptase real-time PCR analysis

INS1 832/13 or BRIN BD11 cells were transiently transfected with the indicated

constructs using Lipofectamine 3000 reagent following the manufacturer’s protocol

(Invitrogen). RNA was isolated from the cells after 48 h using a GenElute Mamma-

lian Total RNA miniprep kit (Sigma Aldrich) according to the manufacturer’s spec-

ifications. Equal amounts of RNA were used to generate cDNA using a high capacity

cDNA kit (Applied Biosystems), and cDNA was analyzed by quantitative real-time

PCR using PowerUP SYBR green master mix (ThermoFisher Scientific). All qRT-

PCR was performed in triplicate using an Applied Biosystems 7500 real time PCR

system. The average Ct from triplicate samples was normalized against the average

Ct of 18S rRNA. All experiments were performed two or more times and represen-

tative experiments are shown. Primers used are listed in Table 2.

2.7. Immunocytochemistry and microscopy

BRIN BD11 cells were grown on 22 mm poly-L-lysine coated glass coverslips in 35

mm culture dishes for 48 h until cells were 70e80% confluent. The coverslips were

washed in PBS and fixed for 15 min in 4% p-formaldehyde before being permeabi-

lized in 0.2% Triton-X-100 for 7 min. Cells were blocked in Superblock (Thermo-

Fisher Scientific) for 15 min and then stained with the indicated antibody

overnight at 4 �C. Cells were stained with anti-mouse AlexaFluor 594 secondary
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antibody (ThermoFisher Scientific) for 30 min and mounted on glass microscope

slides using Prolong Diamond anti-fade with DAPI (Life Technologies) and sealed

with clear nail polish. Coverslips were observed on a Leica DMi8 fluorescence in-

verted microscope (Leica Microsystems) and images were captured using a

DFC7000T cooled fluorescence camera and LAS X Expert software (Leica

Microsystems).

2.8. Measurement of total insulin levels

BRIN BD11 or INS1 832/13 cells were transfected as described above. After 24 h,

cells were washed twice with ice-cold PBS and lysed with ice-cold RIPA buffer (25

mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 20 mM sodium molybdate,

and 0.5% Nonidet P-40) containing protease inhibitor cocktails I and II (Sigma). Ly-

sates were centrifuged and supernatant was diluted to determine insulin content us-

ing a rat insulin ELISA kit (Thermo Scientific) following the manufacturer’s

protocol. Each sample was measured in triplicate and compared to a rat insulin

standard.

3. Results

3.1. Glis3 interacts with PIAS-family proteins

In order to identify proteins that interact with the Glis3 N-terminus, a yeast-two-

hybrid analysis was conducted using the Glis3 N-terminus as bait to identify inter-

acting proteins from a murine pancreatic b cell prey library (ZeRuth et al., 2015).

Table 2. List of primers used for RT-PCR.

Gene target Primer sequence (50 to 30)

rIns1 F e CCTGCTCGTCCTCTGGGAGCCCAAG
R e CTCCAGTGCCAAGGTCTGAAGATCC

rIns2 F e CCTGCTCATCCTCTGGGAGCCCCGC
R e CTCCAGTGCCAAGGTCTGAAGGTCA

rPIAS1 F e CTACCAGCCTACGGGTTTCG
R e GAACAGGTAAGTGCCCGACA

rPIASy F e ATAGATGGGCTGCTGTCGAAGA
R e ATTGGGCGCCATGAACCTT

rGlis3 F e GTGAAGGCACATTCTTCCAAAGA
R e GGAGATCTGGATGGAGCTCAGT

FLAG-Glis3 F e TGGACTACAAAGACCATGACGG
R e GGGCTCTGATGGGAGGGATA

rUcp2 F e GCATTGGCCTCTACGACTCT
R e CTGGAAGCGGACCTTTACC

18s rRNA F e GTAACCCGTTGAACCCCATT
R e CCATCCAATCGGTAGTAGCG
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This study identified several proteins implicated in the SUMO conjugation pathway

as putative Glis3-interacting proteins including the SUMO-conjugating protein

Ubc9 (UBE2I) and members of the protein inhibitor of activated STAT (PIAS)-fam-

ily, PIAS1 and PIASy (PIAS4), which have been shown to act as E3 SUMO-ligases

(Rytinki et al., 2009). Glis3 is normally expressed in both kidney and the b-cells of

the pancreas (Kang et al., 2016; Lichti-Kaiser et al., 2012). The transcript

(ENST00000324333.10) encoding a 775 amino acid protein has been identified in

the human pancreas (The Genotype-Tissue Expression (GTEx) Portal; https://

www.gtexportal.org/home/gene/GLIS3). The relatively low expression rate

reported (median TPM ¼ 3.52) is likely due to GLIS3 expression being limited to

the islets and ducts, which comprise a small proportion of total pancreatic mass

(Kang et al., 2016; Senee et al., 2006). The same transcript is also found in the hu-

man kidney cortex (median TPM ¼ 4.989). Co-immunoprecipitation experiments

performed in BRIN BD11 and in the human kidney derived HEK293T cell line

co-expressing full length FLAG-Glis3 and Myc-tagged Ubc9, PIAS1, or PIASy,

showed a weak interaction between Glis3 and the PIAS-family proteins (Fig. 1A

and B). Similarly, a mammalian 2-hybrid assay performed in HEK293T cells using

the N-terminus of Glis3 (aa 1e653) fused to the Gal4 DBD and full length PIASy

fused to the Gal4 AD to drive luciferase expression under control of the Gal4-

responsive UAS region showed a 1.5-fold increase in luciferase expression when

the chimeric proteins were co-expressed (Fig. 1C). Endogenous PIAS1 or PIASy

was not detected when FLAG Glis3 was immunoprecipitated in BRIN BD11 or

HEK293T cells. It is possible however that the interaction between the SUMO ligase

and its substrate is transient and therefore the amount of PIAS protein stably asso-

ciated with Glis3 may be below the threshold of detection for the respective anti-

bodies. In support of that supposition, immunoprecipitation of FLAG-Glis3 in

BRIN BD11 cells following formaldehyde cross-linking produced a very weak

band representing of the correct molecular weight using a PIASy antibody while

no PIAS1 was evident (Fig. 1D). Collectively, these data indicate that Glis3 may

form interactions with PIAS-family proteins.

3.2. PIAS family proteins mediate Glis3 SUMOylation

Given the role of PIAS proteins in mediating SUMOylation of target proteins, co-

immunoprecipitation assays were performed in BRIN BD11 and HEK293T cells ex-

pressing FLAG-Glis3 and HA-SUMO1 in the presence or absence of Ubc9, PIAS1

or PIASy. To date, Ubc9 is the only SUMO-conjugating enzyme that has been iden-

tified in mammals and appears to be the sole E2 enzyme used in the SUMO-

conjugation pathway (Gareau and Lima, 2010). Protein complexes were pulled

down using an anti-HA antibody and SUMOylation of Glis3 was analyzed by West-

ern blotting using anti-FLAG M2 antibody. As seen in Fig. 2A, the two members of

the PIAS family promoted SUMOylation of exogenous Glis3 with relatively similar
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efficacy in both cell lines. Co-expression of Ubc9 with HA-SUMO and FLAG-Glis3

only modestly increased Glis3 SUMOylation compared to HA-SUMO and FLAG

Glis3 alone (Fig. 2A). These results were not surprising as PIAS-family proteins

are more likely to be limiting factors in regulating Glis3-SUMOylation than

Ubc9, which is ubiquitously expressed (Kovalenko et al., 1996). Intriguingly, while

simultaneous co-expression of Ubc9 and PIASy significantly increased the observed

level of Glis3 SUMOylation compared to either protein alone, coincident expression

of Ubc9 and PIAS1 virtually eliminated all detectable Glis3 SUMOylation. Nearly

Fig. 1. Glis3 interacts with PIASy and PIAS1. A. BRIN BD11 or B. HEK293T cells were transfected

with FLAG-Glis3 and either Myc-empty vector, Myc-Ubc9, Myc-PIAS1, or Myc-PIASy as indicated.

Co-immunoprecipitation was performed using a mouse anti-Myc antibody and immunoprecipitated pro-

teins were examined by Western blot analysis using anti-FLAG M2 or anti-Myc primary and goat anti-

mouse-HRP secondary antibodies. Note: the image in A was digitally cut between lanes 2 and 3 and flip-

ped horizontally to match the loading order shown in B. C. HEK293T cells were co-transfected with the

pFR-Luc reporter and the indicated pM and VP16 plasmid DNA. 48 h later cells were assayed for lucif-

erase and b-galactosidase activities, and the relative Luc activity was calculated and plotted. A represen-

tative experiment is shown. Each bar represents mean � S.D. *, statistically different from pM or VP16

empty vector controls p < 0.05. nRLU, normalized relative luc units. D. BRIN BD11 cells were trans-

fected with FLAG-Glis3. After 48 h, cells were fixed using 4% paraformaldehyde in PBS for a total of 10

min. The reaction was quenched with 1.25 M glycine prior to cell lysis in RIPA buffer. Co-

immunoprecipitation was performed using mouse IgG or a mouse anti-FLAG M2 antibody and input

or immunoprecipitated proteins were examined by Western blot analysis using mouse anti-FLAG M2,

anti-PIAS1, or anti-PIASy primary antibodies and the appropriate HRP-conjugated secondary antibodies.

Unaltered blots are shown in Supplemental Fig S1.
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identical results were obtained whether the experiment was performed in BRIN-

BD11 or HEK293T cells, suggesting the observation is not species-, cell- or

tissue-specific. The lack of Glis3 SUMOylation under these conditions appeared

to be the result of a significant decrease in PIAS1 expression in the presence of

both exogenous Ubc9 and HA-SUMO (Fig. 2A and B). PIAS1 degradation did

not appear to be affected by Glis3 as the protein was degraded in its presence or

absence (Fig. 2B) and therefore the underlying mechanism of PIAS1 degradation

was not investigated further. However, for further experiments requiring co-

expression of Ubc9, SUMO, and PIAS proteins, we used PIASy to simplify data

analysis. To determine whether Glis3 SUMOylation was reversible, the SUMO-

specific protease SENP1 was co-expressed with FLAG-Glis3, HA-SUMO1, Ubc9,

and PIASy and was found to be capable of effectively deconjugating SUMO from

Glis3 as demonstrated in Fig. 2C. Together, these data suggest that the E2 SUMO

Fig. 2. Glis3 is SUMOylated by PIAS-family proteins. A. BRIN BD11 or HEK293T cells were trans-

fected with FLAG empty vector or FLAG Glis3 along with HA-SUMO1, Myc Ubc9, Myc PIAS1, or

Myc PIASy as indicated. After 48 h, co-immunoprecipitation was performed using a rat anti-HA anti-

body and immunoprecipitated proteins were examined by Western blot analysis using mouse anti-

FLAG M2 or anti-Myc primary and goat anti-mouse-HRP secondary antibodies. B. HEK293T cells

were transfected with the indicated plasmids. Cells were treated with 10 ug/ml cycloheximide for 5 h

prior to harvest. After 48 h, proteins were separated by SDS-PAGE and analyzed by Western blotting

using the specified antibodies. GAPDH is shown as an internal control. C. HEK293T cells were trans-

fected with the indicated plasmids and after 48 h, IP was performed and analyzed as described in A. Un-

altered blots are shown in Supplemental Fig S2.
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conjugase, Ubc9 along with the E3 SUMO ligases, PIAS1 or PIASy are capable of

reversibly modifying Glis3 with SUMO.

3.3. Glis3 is SUMOylated on Lys224 and Lys430

SUMO modification typically occurs at a lysine residue within the target substrate

that conforms to the consensus sequence jKxE where j is a hydrophobic residue

and x is any amino acid (Duprez et al., 1999; Rodriguez et al., 2001; Sampson

et al., 2001; Sternsdorf et al., 1999). Analysis of Glis3 using SUMOplot software

(www.abgent.com) revealed two high probability consensus SUMO motifs

located at Lys224 and Lys430 located within the N-terminus of the protein that are

conserved between murine and human Glis3 but are absent in zebrafish glis3

(Fig. 3A). To determine whether Glis3 could be modified by SUMO, co-IP was per-

formed using murine, human, or zebrafish Glis3 in HEK293T cells. Both human and

Fig. 3. Glis3 is SUMOylated on Lys224 and Lys430. A. Schematic representation of Glis3. Relative po-

sition and sequence of putative SUMOylation motifs are shown. NCR, N-terminal conserved region;

ZFD, zinc finger domain; TAD, transactivation domain. Sequence alignment of mouse

(NP_780668.3), human (NP_001035878.1), and zebrafish (AAI29174.1) Glis3 is shown in lower

portion. Residues that match the consensus SUMOylation motif (jKxE) are underlined. Amino acid

numbers are indicated. BeC. HEK293T cells were transfected with FLAG-tagged murine Glis3, human

GLIS3, or zebrafish glis3 and the indicated plasmids. After 48 h, co-immunoprecipitation was performed

using a mouse anti-FLAGM2 antibody and immunoprecipitated proteins were examined by Western blot

analysis using rat anti-HA or mouse anti-Myc primary and goat anti-mouse- or anti-rat-HRP secondary

antibodies. D. BRIN BD11 cells were transfected with the indicated plasmids. After 48 h, co-

immunoprecipitation was performed using a mouse anti-FLAG M2 antibody and input or immunopre-

cipitated proteins were examined by Western blot analysis using mouse anti-FLAG M2, rat anti-HA,

or mouse anti-Myc primary antibodies and the appropriate HRP-conjugated secondary antibodies. Unal-

tered blots are shown in Supplemental Fig S3.

11 https://doi.org/10.1016/j.heliyon.2018.e00709

2405-8440/� 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Article Nowe00709

http://www.abgent.com
https://doi.org/10.1016/j.heliyon.2018.e00709
http://creativecommons.org/licenses/by-nc-nd/4.0/


mouse Glis3 were SUMOylated by PIASy and Ubc9, while no modification of ze-

brafish glis3 was observed (Fig. 3B). These results demonstrate that modification of

Glis3 by SUMO appears to be conserved among mammals and may have evolved

following the split that would give rise to tetrapods and teleost fishes. In order to

determine whether SUMO was attached to the conserved residues within the

Glis3 N-terminus, each lysine was mutated to arginine either alone or in combina-

tion. While co-expression of HA-SUMO1 and PIASy resulted in two distinct bands

representing SUMOylated Glis3, mutation of Lys224 to Arg resulted in a decrease of

the higher molecular weight band (Fig. 3C). Mutation of Lys430 to Arg similarly re-

sulted in the elimination of the higher molecular weight band and additionally

dramatically reduced the lower weight band representing SUMOylated Glis3. Simul-

taneous mutation of both lysine residues abolished all detectable Glis3 SUMOyla-

tion. Glis3 SUMOylation was similarly ablated in BRIN BD11 cells when Lys224

and Lys430 were mutated (Fig. 3D). These results indicate that PIAS family proteins

can mediate the attachment of SUMO1 to Glis3 at either Lys224, Lys430, or both

simultaneously.

3.4. Glis3 is SUMOylated by SUMO1-3

To investigate whether PIAS proteins preferentially modify Glis3 with SUMO 1, 2,

or 3, co-IP was performed in HEK293T cells expressing FLAG-Glis3 and Myc-

PIASy along with GFP-tagged SUMO1, SUMO2, or SUMO3. While Glis3 ap-

peared to be mono- or di-SUMOylated by SUMO1, polySUMOylation was evident

when Glis3 was co-expressed with PIASy and SUMO2 or SUMO3 (Fig. 4A). In or-

der to determine whether Glis3 could be SUMOylated by endogenous SUMO pro-

teins, FLAG-Glis3 or the Lys224/Lys430 double mutant was expressed in BRIN

BD11 cells and pulled down using an anti-FLAGM2 antibody. Immunoprecipitated

fractions were then analyzed by Western blotting using an antibody specific to

SUMO1. Glis3 was not found to be modified by endogenous SUMO1 in the cells

(Fig. 4B). SUMO1 modified Glis3 was also not detected in HEK293T cells in the

presence or absence of exogenous PIASy and Ubc9 (Fig. 4C, lanes 2 and 3). SU-

MOylated Glis3 was evident, however when exogenous HA-SUMO1 was co-

expressed along with PIASy and Ubc9 and could be detected in the immunoprecip-

itated fractions by antibodies targeting the HA tag or SUMO1 (Fig. 4C, lane 4).

These data suggest that only a small proportion, if any of exogenous Glis3 is modi-

fied by endogenous SUMO1 under normal conditions in HEK293T or BRIN BD11

cells. In contrast, SUMO2/3 modified Glis3 could be observed in BRIN BD11 cells

expressing FLAG-Glis3 in the presence or absence of exogenous PIAS1 or PIASy

(Fig. 4D). No SUMO2/3 modified Glis3 could be detected however in BRIN

BD11 cells overexpressing the Lys224/Lys430 double mutant. These results indicate

that the PIAS-family proteins are capable of modifying Glis3 with SUMO1-3 and

that exogenous Glis3 is modified by endogenous SUMO 2/3.
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3.5. PIASy and Ubc9 negatively regulate Glis3-mediated
activation of the insulin promoter

To ascertain whether SUMOylation affects Glis3 function, luciferase reporter as-

says were conducted in BRIN BD11 cells expressing a luciferase reporter under

the control of the mIns2 promoter. As expected, FLAG-Glis3 expression resulted

in a significant increase in luciferase activity (Fig. 5A). Co-expression of Ubc9,

PIAS1, or PIASy alone did not have a significant impact on Glis3-directed activa-

tion of the insulin promoter. However, when PIASy and Ubc9 were both co-

expressed with Glis3, a >70% decrease in luciferase activity was observed

compared to expression of Glis3 alone. This effect was almost completely negated

when SENP1 was co-expressed; suggesting the decrease in activity was SUMO

dependent. Ubc9 and PIASy had a similar inhibitory effect in INS1 832/13 cells

(Fig. 5B). Moreover, reporter activity increased roughly two-fold compared to

the wild type Glis3 when the Lys224/Lys430 double mutant was expressed in

BRIN BD11 cells (Fig. 5C) or INS1 832/13 cells (Fig. 5D) suggesting that

Fig. 4. PIASy and Ubc9 can modify Glis3 with SUMO1-3. A. HEK293T cells were transfected with

FLAG Glis3 and Myc PIASy along with the indicated GFP-tagged SUMO construct. Co-

immunoprecipitation was performed using a mouse anti-GFP antibody and proteins were analyzed by

Western blotting using mouse anti-FLAGM2 antibody. B. BRIN BD11 or C. HEK293T cells were trans-

fected with the indicated plasmids. After 48 h, co-immunoprecipitation was performed using a mouse

anti-FLAG M2 antibody and input or immunoprecipitated proteins were examined by Western blot anal-

ysis using mouse anti-FLAG M2, rabbit anti-SUMO1, or rat-anti-HA primary antibodies and the appro-

priate HRP-conjugated secondary antibodies. D. BRIN BD11 cells were transfected with the indicated

plasmids and treated with 10 uM MG132 5 h prior to harvest. Co-immunoprecipitation was conducted

using an anti-FLAG M2 antibody. Proteins were analyzed by Western blotting using a mouse anti-

SUMO2/3 or anti-FLAG M2 antibody and the appropriate HRP-conjugated secondary antibodies.

KDM, Lys224/Lys430 double mutant. Unaltered blots are shown in Supplemental Fig S4.
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SUMOylation of Glis3 negatively affected its transactivation function. The

decreased Glis3 transactivation function was not associated with destabilization

of Glis3 protein levels since Glis3 protein levels increased when PIASy was co-

expressed in BRIN BD11 cells treated with cycloheximide for 6 h prior to lysis

and immunoblot analysis (Fig. 5E). When reporter assays were performed in

HEK 293T cells using either the mIns2 promoter or an artificial promoter driven

by three tandem copies of the GlisBS (p3xGlisBS-Luc), co-expression of PIASy

and Ubc9 resulted in an increase in Glis3-mediated reporter activation (Fig. 5F

and G). Activation of p3xGlisBS-Luc was also enhanced by co-expression of

PIASy and Ubc9 in BRIN BD11 cells (Fig. 5H). These data are consistent with

Fig. 5. PIASy and Ubc9 repress Glis3-mediated insulin transcription in BRIN BD11 cells. AeD. BRIN

BD11 or INS1 832/13 cells were transfected with p-mIP-696-Luc, pCMV-b-Gal, along with the indi-

cated plasmids. After 48 h, cells were assayed for luciferase and b-galactosidase activity and the normal-

ized relative luciferase activity (nRLU) was calculated and plotted. A representative experiment is

shown. Each bar represents the mean � S.D. * indicates statistically different than corresponding Myc

empty vector control. p < 0.01. þ indicates statistically different from FLAG empty vector control p

< 0.01. # indicates statistically different from FLAG empty vector control and FLAG Glis3 p < 0.05.

KDM, Lys224/Lys430 double mutant. E. BRIN BD11 cells were transfected with the indicated plasmids

and treated with 10 ug/ml cycloheximide for 5 h prior to harvest. Proteins were separated by SDS-PAGE

and analyzed by Western blotting using the specified antibodies. GAPDH is shown as an internal control.

F. HEK293T cells were transfected with p-mIP-696-Luc, pCMV-b-Gal, FLAG empty vector, FLAG-

Glis3, Myc-Ubc9, or Myc-PIASy as indicated. After 48 h, cells were assayed for luciferase and b-galac-

tosidase activity and the normalized relative luciferase activity (nRLU) was calculated and plotted. Each

bar represents the mean � SEM. * indicates significantly different from FLAG and Myc empty vector

control. # indicates significantly different from FLAG and Myc empty vector control and cells expressing

FLAG-Glis3 and Myc empty vector. P < 0.01. G. HEK293T cells or H. BRIN BD11 cells were trans-

fected with p3xGlisBS-Luc and pCMV-b-Gal along with FLAG empty vector, FLAG-Glis3, Myc-Ubc9,

or Myc-PIASy as indicated. After 48, cells were harvested and luciferase assay was performed as

described in A. * indicates significantly different from FLAG and Myc empty vector control. # indicates

significantly different from FLAG and Myc empty vector control and cells expressing FLAG-Glis3 and

Myc empty vector. P < 0.05. Unaltered blots are shown in Supplemental Fig S5.
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increased Glis3 protein expression in the presence of PIASy and Ubc9 and suggest

that the observed PIASy- and Ubc9-mediated inhibition of Glis3 transactivation

function is relevant to Ins2 expression in b cells but does not occur using an arti-

ficial promoter or within the HEK293T environment.

3.6. PIASy and Ubc9 decrease insulin production

To determine whether SUMOylation of Glis3 affected endogenous Ins2 transcrip-

tion, BRIN BD11 cells expressing FLAG empty vector, FLAG Glis3, or the

Lys224/Lys430 double mutant were analyzed by qRT-PCR for rIns2 expression.

Consistent with luciferase reporter assays, endogenous insulin message was signif-

icantly increased in cells expressing the Glis3 mutant versus wild type Glis3 while

the expression of both endogenous and exogenous Glis3 was not significantly

different (Fig. 6A). The abundance of Glis3 protein was also similar between the

wild type and Lys double mutant (Fig. 4B and D). Finally, total insulin levels

increased in both BRIN BD11 and INS1 832/13 cells when Glis3 was overexpressed

but failed to do so when Glis3 was co-expressed with exogenous Ubc9 and PIASy

(Fig. 6B). These data establish that SUMOylation may serve as a mechanism to

negatively regulate insulin transcription by Glis3 in pancreatic b cells.

3.7. SUMOylation of Glis3 decreases its transcriptional activity

The fact that the Lys224/Lys430 double mutant exhibited roughly two-fold greater ac-

tivity in BRIN BD11 cells than wild type Glis3 (Figs. 5B and 6A) suggested that

PIASy and Ubc9 were negatively affecting Glis3-mediated insulin activity through

amechanism that relied upon their ability to directly SUMOylate theGlis3N-terminus.

Since varying proportions of Glis3 could be SUMOylated at any time within the cells,

OES cloning was performed to generate chimeric proteins comprised of SUMO fused

Fig. 6. SUMOylation of Glis3 decreases its transcriptional activity. A. BRIN BD11 cells were transfected

with the indicated plasmids. After 48 h, total RNAwas collected and the specified mRNAwas measured by

qRT-PCR analysis. A representative experiment is shown. Each bar represents relative mRNA levels

normalized to 18s rRNA � S.D. * indicates statistically different value compared to empty vector control

p < 0.01. # indicates statistically different value from both empty vector control and wild type Glis3, p <

0.01. KDM, Lys224/Lys430 double mutant. B. BRIN BD11 and INS1 832/13 cells were transfected with the

indicated plasmids. After 48 h, the cells were lysed and total cellular insulin content was measured by

ELISA. Cells were transfected in triplicate and each bar represents the average insulin content of triplicate

samples � S.D. * indicates statistically different value compared to empty vector control p < 0.05.

15 https://doi.org/10.1016/j.heliyon.2018.e00709

2405-8440/� 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Article Nowe00709

https://doi.org/10.1016/j.heliyon.2018.e00709
http://creativecommons.org/licenses/by-nc-nd/4.0/


in-frame with Glis3 in place of lysine 224 or 430 to serve as an approximation for

constitutively SUMOylated Glis3 (Fig. 7A). To prevent the SUMO fusion constructs

from being able to interact with other proteins targeted for SUMO modification, the

SUMO insert was truncated immediately prior to the C-terminal di-glycine motif.

When expressed in BRIN BD11 cells along with a mIns2 reporter, both SUMO fusion

chimeraswere significantly less capable of activating the insulin promoter compared to

wild type Glis3 (Fig. 7B). Consistent with what was observed following PIASy and

Ubc9 overexpression, mIns2 promoter activation was not different using either of

the SUMO fusion constructs relative to unmodified Glis3 in HEK293T cells

(Fig. 7C). Western blot analysis using an anti-FLAG M2 antibody showed that both

SUMO fusion constructs produced a single band migrating slightly slower than

Fig. 7. SUMOylation of Glis3 inhibits its ability to activate insulin transcription. A. Schematic diagram

of Glis3 and Glis3:SUMO fusion proteins generated by OES cloning. The conserved SUMOylation mo-

tifs within the Glis3 N-terminus are indicated. NCR, N-terminal conserved region; ZFD, zinc finger

domain; TAD, transactivation domain. B. BRIN BD11 cells or C. HEK293T cells were transfected

with p-mIP-696-Luc, pCMV-b-Gal, FLAG empty vector, FLAG-Glis3, or the indicated Glis3:SUMO

fusion construct. After 48 h, cells were harvested and assayed as described in Fig. 5. * indicates statis-

tically different from FLAG Glis3, p < 0.01. D. FLAG-stained Western blot of cell lysates from BRIN

BD11 cells expressing FLAG Glis3 or the indicated Glis3:SUMO fusion protein. Molecular weight

marker is indicated on the left. E. BRIN BD11 cells were grown on glass coverslips and transfected

with FLAG Glis3 or the indicated FLAG-Glis3:SUMO fusion construct. After 48 h, cells were fixed

and stained with an anti-FLAG M2 primary antibody and an anti-mouse Alexa-fluor 594 secondary anti-

body. Coverslips were mounted to slides using mounting media containing DAPI to visualize the nuclei

and observed by fluorescence microscopy. F. BRIN BD11 cells were transfected with the indicated plas-

mids. After 48 h, total RNA was collected and the specified mRNA was measured by qRT-PCR analysis.

Each bar represents relative mRNA levels normalized to 18s rRNA � S.D. * indicates statistically

different value compared to empty vector control p < 0.01. # indicates statistically different value

from both empty vector control and wild type Glis3, p < 0.01. G. BRIN BD11 cells were transfected

with the indicated plasmids. After 48 h, the cells were lysed and total cellular insulin content was

measured by ELISA. Cells were transfected in triplicate and each bar represents the average insulin con-

tent of triplicate samples � S.D. * indicates statistically different value compared to empty vector control

p < 0.05. Unaltered blots are shown in Supplemental Fig S7.
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unmodified Glis3 and were expressed at generally similar levels (Fig. 7D). The

reduced activity could not be attributed to defective nuclear localization as both

chimeric proteins were localized exclusively to the nucleus in BRIN BD11 cells

(Fig. 7E). To examine whether the in-frame addition of SUMO to Glis3 also had an

effect on the regulation of endogenous insulin transcription, BRIN BD11 cells were

transfected with empty vector, Glis3, Glis3224:SUMO, or Glis3430:SUMO, and

rIns2 was measured by qRT-PCR. In-frame insertion of SUMO in place of Lys224 re-

sulted in an 80% reduction in Ins2 transcription relative to cells expressing unmodified

Glis3,while fusion of SUMOatLys430 resulted in a 99% reduction in activity (Fig. 7F).

Using primers specific to FLAG-Glis3, exogenous Glis3 transcripts were relatively

quantified and found to be expressed at roughly equal levels between samples. Unlike

unmodifiedGlis3,Glis3430:SUMOexpression inBRINBD11 cells did not promote an

increase in total cellular insulin levels (Fig. 7G). Together, these results support the

conclusion that SUMOylation ofGlis3 at Lys224 andLys430 negatively impact the abil-

ity of the protein to activate insulin transcription.

3.8. Glis3 is SUMOylated under conditions of chronically
elevated glucose in pancreatic beta cells

Chronic exposure of b cells to high levels of glucose has previously been associated

with decreased levels of insulin transcription mediated in part by decreased binding

of MafA and Pdx1 to the insulin promoter (Harmon et al., 2005; Lee et al., 2012;

Park et al., 2007). This so called glucose toxicity is also accompanied by decreased

levels of MafA transcription (Olson et al., 1993; Poitout et al., 1996; Sharma et al.,

1995).MafASUMOylationwas reported inb cells exposed to oxidative stress andSU-

MOylation of MafA negatively affected its transactivation function at the insulin pro-

moter suggesting that modification of MafA by SUMO may serve as an additional

mechanism to reduce insulin transcription under hyperglycemic conditions (Kanai

et al., 2010; Shao and Cobb, 2009). To determine the effect of chronically elevated

glucose concentrations on BRIN BD11 and INS1 832/13 cells, the cells were cultured

in either 3 mM or 25 mM glucose for 48 hours and gene expression was analyzed by

RT-PCR. As shown previously in other b cell lines, under conditions of prolonged

exposure to high levels of glucose, insulin transcription was severely reduced in

BRIN BD11 (Fig. 7A) and INS1 832/13 (Fig. 7B) cells. No statistically significant

change in either PIAS1 or PIASy mRNA expression was observed in response to

glucose levels in either cell line. Ucp2 has been shown to be upregulated in response

to H2O2, free fatty acids, as well as in mice challenged with a high fat diet (Li et al.,

2001; Medvedev et al., 2002; Surwit et al., 1998). Transcription ofUcp2was elevated

in both BRINBD11 (Fig. 7C) and INS1 832/13 (Fig. 7D) cells subjected to chronically

elevated glucose levels, suggesting that oxidative stress increased under these condi-

tions. Further, decreased levels of Ins2 mRNA were at least partially rescued by the

addition of the antioxidant, 4-hydroxy-TEMPO supporting the concept that oxidative
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stress underlies the effect (Fig. 7C and D). To determine whether PIAS-proteins were

regulated posttranslationally in response to chronically elevated glucose levels, West-

ern blots were performed from cells grown under high or low glucose conditions.

While PIAS1 expression was similar under both conditions, a highermolecular weight

band corresponding to a previously identified SUMOylated form of PIASy (Ihara

et al., 2005) was significantly increased following prolonged exposure to 25 mM

glucose in BRIN BD11 cells (arrowhead in Fig. 7E) and INS1 832/13 cells

(Fig. 7F). Glis3 expression was examined at the protein level using BRIN BD11 cells

stably expressing FLAG Glis3 and grown under low or high glucose concentrations.

The results indicated that Glis3 protein expression was increased under chronically

high glucose conditions (Fig. 8G). Importantly, under high glucose conditions, several

highermolecular weight bandswere observed thatmight represent SUMOylatedGlis3

(Arrows in Fig. 8G). There was no discernible change in global SUMO2/3 levels in

response to elevated glucose levels in BRIN BD11 cells however there were increased

levels of a 40 kD band when INS1 832/13 cells were maintained in high glucose con-

ditions (Fig. 7H). Finally, to determine whether Glis3 was SUMOylated under condi-

tions of glucose toxicity, anti-FLAG M2 antibody was used to immunoprecipitate

proteins in BRIN BD11 cells stably expressing FLAG Glis3 or empty vector grown

under different glucose concentrations. The results indicated that SUMO2/3-

modified Glis3 increased under high glucose conditions (Fig. 7I). Similar results

were obtained in INS1 832/13 cells transiently overexpressing FLAGGlis3 under var-

iable glucose concentrations (Fig. 7J).

4. Discussion

In this report, we show that PIAS-family proteins are capable of modifying the tran-

scription factor, Glis3 with the small ubiquitin-like modifier, SUMO1-3. Overex-

pression of PIASy in combination with Ubc9 had a significant negative influence

on the transactivation function of Glis3 and greatly diminished its ability to activate

Ins2 expression in BRIN-BD11 and INS1 832/13 cells. Data demonstrating that the

mutation of both SUMO targeted lysines to arginine resulted in a significant increase

in insulin transcription compared to wild type Glis3 is consistent with the idea that

SUMOylation has an inhibitory effect on Glis3-mediated transactivation of insulin.

The increased level of insulin transcription is not likely attributable to the creation of

novel methylation sites that might subsequently affect transactivation function since

similar observations were made when the Lys residues were mutated to Ala (data not

shown).

In order to better understand the effect of SUMOylation on Glis3 function, Glis3:-

SUMO fusion chimeras, which should approximate SUMOylated Glis3, were

created and analyzed. These experiments demonstrated a profound negative regula-

tory consequence of Glis3 SUMOylation that affected Glis3-mediated activation of
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the preproinsulin (Ins2) promoter in a pancreatic b-cell environment. The SUMO

fusion with Glis3 was unlikely to have affected Glis3 function by causing improper

folding or inhibiting binding to GlisBS since the constructs activated a mIns2 re-

porter in HEK293T cells similarly to full-length, wild type Glis3. The Glis3:SUMO

chimeras additionally did not exhibit any defect in their ability to localize to the nu-

cleus nor were protein expression levels dramatically different. These data are in

agreement with experiments that demonstrated that PIASy and Ubc9 negatively

regulated activation of a mIns2 reporter in BRIN BD11 cells but failed to do so in

Fig. 8. Glis3 is SUMOylated in BRIN BD11 cells under conditions of chronically elevated glucose. A.

BRIN BD11 cells were grown in media containing 3 mM or 25 mM D-glucose. Media was changed after

24 h and after 48 h, total RNA was collected and the specified mRNA was measured by qRT-PCR anal-

ysis. A representative experiment is shown. Each bar represents relative mRNA levels normalized to 18s

rRNA � S.D. * indicates statistically different value compared to cells grown in 3 mM glucose p < 0.05.

B. INS1 832/13 cells were grown and assayed as described in A. C. BRIN BD11 or D. INS1 832/13 cells

were grown as described in A. Vehicle or 50 uM 4-hydroxy-TEMPO was additionally added to media as

indicated. After 48 h, RNA was collected and qRT-PCR was performed as described in A. E. BRIN

BD11 or F. INS1 832/13 cells were grown as described in A. Cells were harvested, proteins were sepa-

rated by SDS-PAGE, and analyzed by Western blotting using the specified antibodies. GAPDH is shown

as an internal control. G. BRIN BD11 cells stably expressing FLAG-Glis3 were grown in the presence of

either 3 mM or 25 mM glucose for 48 h. Cells were harvested and proteins were separated by SDS-

PAGE and subsequently analyzed by Western blotting using the indicated antibodies. Arrows indicate

higher molecular weight bands that may represent SUMOylated Glis3. GAPDH is shown as an internal

control. H. BRIN BD11 or INS1 832/13 cells were grown as described in A. Cells were harvested, pro-

teins were separated by SDS-PAGE, and analyzed by Western blotting using the indicated antibodies.

GAPDH is shown as an internal control. I. BRIN BD11 cells stably expressing FLAG empty vector

or FLAG Glis3 were grown in media containing 3 mM or 25 mM D-glucose. After 48 h, co-

immunoprecipitation was performed using an anti-M2 FLAG antibody. Immunoprecipitated and input

fractions were analyzed by Western blotting using a rabbit anti-SUMO1 antibody, mouse anti-

SUMO2/3 antibody, or mouse anti-M2 FLAG antibody and the appropriate HRP-conjugated secondary

antibodies. J. INS1 832/13 cells were transfected with FLAG-Glis3 and grown in media containing 3 mM

or 25 mM D-glucose. After 48 h, co-immunoprecipitation was performed using an anti-M2 FLAG anti-

body. Immunoprecipitated and input fractions were analyzed by Western blotting using a mouse anti-

SUMO2/3 antibody. Unaltered blots are shown in Supplemental Fig S8.
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HEK293T cells. Furthermore, PIASy and Ubc9 did not have a repressive effect on

the activation of an artificial promoter in BRIN BD11 cells driven by three tandem

copies of the GlisBS. The mechanism by which SUMOylation regulates Glis3 func-

tion is not clear at this time. It is possible that the addition of SUMO moieties to the

Glis3 N-terminus competes with other posttranslational modifications such as phos-

phorylation or acetylation that may be associated with positive transcriptional regu-

lation of insulin within b cells. Alternatively, SUMOylation of Glis3 may interfere

with Glis3 recruitment of pancreatic b-cell-specific co-activators. Indeed, previous

reports have shown that the ability of Glis3 to activate insulin transcription was

severely compromised when binding by Pdx1, NeuroD1, and MafA to the Ins2 pro-

moter was abrogated (ZeRuth et al., 2013).

Previous studies have shown that the transcription factor, Pdx1, was SUMOylated in

pancreatic b cells; however, unlike Glis3, the modification resulted in increased nu-

clear localization and positive regulation of insulin transcription (Kishi et al., 2003).

In contrast, SUMOylation by SUMO1 or SUMO2 negatively regulated the transcrip-

tional activity of the b cell transcription factor, MafA through an unknown mecha-

nism that did not involve changes in subcellular localization or decreased protein

stability (Kanai et al., 2010; Shao and Cobb, 2009). It has previously been shown

that Glis3 acts synergistically at the insulin promoter with several other key insulin

regulatory factors (Yang et al., 2009; ZeRuth et al., 2013). Whether or not SUMOy-

lation of Glis3 interferes with these events and prevents synergistic activation of

target genes such as insulin will be the subject of future studies.

Chronic exposure of b cells to high levels of glucose has previously been associated

with decreased levels of insulin transcription mediated in part by decreased binding

of MafA and Pdx1 to the insulin promoter (Harmon et al., 2005; Lee et al., 2012;

Park et al., 2007). Much of the decrease in insulin transcription was likely due to

the observed transcriptional downregulation of Pdx1 and MafA. However, MafA

SUMOylation was reported in b cells exposed to oxidative stress suggesting that

modification of MafA by SUMO may additionally serve as a mechanism to reduce

insulin transcription under hyperglycemic conditions (Shao and Cobb, 2009). Under

conditions of chronically elevated glucose in BRIN BD11 and INS1 832/13 cells, we

observed increased expression of a high molecular weight species of PIASy that

correlated with increased SUMOylation of exogenous Glis3 by SUMO2/3. The

absence of a reliable Glis3 antibody restricts the ability to determine whether endog-

enous Glis3 is SUMOylated under conditions of prolonged glucose exposure, but

further studies will be conducted to examine whether oxidative stress promotes SU-

MOylation of Glis3 and the subsequent downregulation of insulin transcription.

Despite the fact that PIASy and Ubc9 negatively affected Glis3-mediated Ins2 acti-

vation, the proteins appeared to increase Glis3 expression at the protein level. Pre-

viously, the tumor suppressor, SUFU, had been shown to have a similar effect on
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Glis3 in that it repressed insulin activation by Glis3 in INS1 cells while simulta-

neously stabilizing Glis3 protein levels (ZeRuth et al., 2011). Taken together, these

studies suggest that Glis3 protein turnover may be linked to target gene activation.

This hypothesis is consistent with the observation that the ZFD of Glis3 was required

for proteolytic degradation by Itch (ZeRuth et al., 2015).

5. Conclusions

Collectively, these studies implicate SUMOylation as a mechanism that may be used

to negatively regulate insulin transcription through inhibition of Glis3 transactiva-

tion function. A schematic representation of these conclusions can be seen in

Fig. 9. Reversible posttranslational modifications of transcription factors could serve

as an effective means to rapidly respond to environmental cues such as dynamic

glucose levels. These modifications might also be a source of dysfunction in in-

stances such as oxidative stress where their negative influence on insulin transcrip-

tion can contribute to disease states such as diabetes. Investigation of Glis3

expression and posttranslational modifications under conditions of chronic hyper-

glycemia and oxidative stress will be a continued focus of research into the future.
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