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" The transcription factor hepatocyte nuclear factor-1a. (HNF-1A) is involved in normal pancreas

. development and function. Rare variants in the HNF1A gene can cause monogenic diabetes, while
common variants confer type 2 diabetes risk. The precise mechanisms for regulation of HNF-1A,

. including the role and function of post-translational modifications, are still largely unknown. Here,

. we present the first evidence for HNF-1A being a substrate of SUMOylation in cellulo and identify

. two lysine (K) residues (K205 and K273) as SUMOylation sites. Overexpression of protein inhibitor

. of activated STAT (PIAS~) represses the transcriptional activity of HNF-1A and is dependent on
simultaneous HNF-1A SUMOylation at K205 and K273. Moreover, PIAS~ is a novel HNF-1A interaction
partner whose expression leads to translocation of HNF-1A to the nuclear periphery. Thus, our findings
support that the E3 SUMO ligase PIAS~ regulates HNF-1A SUMOylation with functional implications,
representing new targets for drug development and precision medicine in diabetes.

Hepatocyte nuclear factor-1oe (HNF-1A) is a transcription factor encoded by the HNFI1A gene, which regulates
several pancreas and liver specific genes, and plays a role in pancreas/liver development and function'. In pan-
creatic 3-cells, HNF-1A is part of a regulatory circuit involving other transcription factors like the pancreatic
duodenal homeobox-1 (PDX-1), the hepatocyte nuclear factor-4 alpha (HNF-4A) and-1 beta (HNF-1B), which
are important for normal glucose-induced insulin secretion'?. In mice, loss of Hnfla function results in multiple
metabolic abnormalities including defects in pancreatic 3-cell glucose sensing, hypercholesterolemia and aberrant
expression of genes involved in pancreatic islet development and metabolism?, further illustrating the important
* role of HNF-1A in controlling pancreatic-islet 3-cell function®. Although rare variants in HNFIA are primar-
ily associated with a monogenic form of diabetes known as Maturity-Onset Diabetes of the Young (MODY3;
HNF1A-MODY, OMIM #600496)°, common HNFIA variants represent risk factors for type 2 diabetes®-®.

In its active form, HNF-1A functions as a homodimer or heterodimer (with HNF-1B), and both complexes
© are stabilized by the dimerization cofactor DCoH’. Other cofactors involved in HNF-1A transcriptional regula-
. tion are the CREB-binding protein (CBP)!?, the CBP-associated factor (P/CAF)', and the high mobility group
. protein-B1'}, exerting a positive effect on HNF-1A transactivation function. Post-translational modifications

(PTMs) are known to regulate HNF-1A. Phosphorylation of HNF-1A by the ATM kinase, results in enhanced
HNE-1A transcriptional activity'?, and ubiquitin-induced proteasomal degradation is a mechanism for its intra-
cellular clearance'?. Still, the precise mechanisms for transcriptional regulation of HNF-1A, including the role and
function related to PTMs, are so far largely unknown.

SUMOylation represents a highly dynamic and reversible ATP-consuming PTM process of proteins, involv-

ing a cascade of different proteins/enzymes including an E1 (activating enzyme), E2 (conjugating enzyme), an
E3 SUMO ligase, and is reversed by the SUMO-specific proteases of the SENP family'*. In pancreatic 3-cells,
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Figure 1. HNF-1A is SUMOylated by SUMO-3 and PIAS~ in HEK293 cells. (a) SUMOylation of HNF-1A
analyzed in HEK293 cells transiently transfected with V5-tagged HNF-1A or empty vector together with HA-
tagged SUMO-1 or SUMO-3, HA-tagged UBC9 and/or Flag-tagged PIAS~. Cells were lysed in the presence

of N-Ethylmaleimide and protease inhibitors, and subjected to immunoprecipitation using anti-V5 antibody.
The precipitate (upper half) and 10 ug input (lower half) were separated by SDS-PAGE and immunoblotting
using anti-HA, anti-V5 and anti-Flag antibodies. Full-length blots are presented in Supplementary Fig. S3. This
experiment was replicated in three independent experimental days (n = 3). (b) De-SUMOylation of HNF-1A by
SENP-1. HEK293 cells were transiently transfected with V5-tagged HNF1A or empty vector together with HA-
tagged SUMO3, Flag-tagged PIAS~, and increasing amounts of Flag-tagged SENP-1 (0.25-0.75 pg). Samples
isolated by V5-immunoprecipitation were analyzed by SDS-PAGE and immunoblotting as indicated above.
Full-length blots are presented in Supplementary Fig. S4. This experiment was replicated in two independent
experimental days (n=2).

SUMOylation regulates the function of key proteins involved in insulin secretion, including transcriptions fac-
tors like MafA'® and PDX-1', the glucose sensor glucokinase'’, and the voltage-dependent K(+) (Kv) channel
Kv2.1'8. Thus, targeting the SUMOylation cascade has been proposed as a relevant diabetes treatment approach'.

Here, we report the first evidence that HNF-1A is modified by SUMO-3 in cellulo and that its level of
SUMOylation is enhanced by the action of the E3 SUMO ligase; protein inhibitor of activated STAT (PIAS~).
Although the presence of SUMO-3 and PIAS~ did not affect the nuclear level of HNF-1A protein, or its DNA
binding ability, PIAS~ repressed the transcriptional activity of HNF-1A. Furthermore, PIAS~y was demonstrated
to interact with HNF-1A, and sequestrated HNF-1A in the nuclear periphery, hence inducing its transcriptional
repression of the HNF-1A target genes Ace2 and Slc2a2. In this study, we report for the first time that both
SUMOylation of HNF-1A by SUMO-3 and its interaction with PIAS~ are novel mechanisms regulating the
nuclear localization and hence transcriptional activity of HNF-1A.

Results

HNF-1A is a target for SUMO-3 modification. To investigate whether HNF-1A is a target of SUMOylation,
we overexpressed HEK293 cells with HNF-1A (V5-tagged), SUMO-1 or SUMO-3 (HA-tagged), and in the pres-
ence or absence of the E2 enzyme Ubc9 (HA-tagged) or the E3 SUMO ligase, PIAS~ (Flag-tagged). HNF-1A
was further isolated by V5-tag immunoprecipitation and analyzed by SDS-PAGE and immunoblotting using
tag-specific (HA and V5) antibodies (Fig. 1a). In the immunoprecipitated samples analyzed by anti-HA antibody,
several higher molecular-mass bands ranging from ~90-200kDa, corresponding to HA-SUMO-conjugated
HNF-1A was observed in cells co-transfected with SUMO-3 (Fig. 1a). Notably, HNF-1A seems to be preferen-
tially modified by SUMO-3, versus SUMO-1, as only one faint high molecular-mass band could be observed in
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cells co-transfected with SUMO-1. Moreover, the presence of PIAS~ in the co-transfection further enhanced the
efficiency of SUMO-3 conjugation of HNF-1A, but seemed not to affect SUMO-1 conjugation. No high molecu-
lar-mass bands could be observed in control samples with HNE-1A alone or in samples transfected with empty
vector and the SUMOylation machinery. Furthermore, in the input samples (Fig. 1a) we could also observe a clear
difference in the level of conjugation of SUMO-1 versus SUMO-3 to proteins in general, where the latter seemed
to be more frequently conjugated to proteins in HEK293 cells. Moreover, the presence of PIAS~ further increased
the level of total SUMO-3 conjugated proteins (Fig. 1a), but seemed to have no effect on SUMO-1 conjugation.
Next, to further verify that the high molecular-mass bands, seen in the presence of SUMO-3 and PIAS~, indeed
correspond to HNF-1A SUMOylated forms, we performed an analogous immunoprecipitation experiment in
the presence of the SUMO-specific protease SENP-1. As shown in Fig. 1b, overexpression by increasing amounts
of SENP-1 reduced the level of SUMO-3 conjugated HNF-1A bands confirming that HNF-1A is a target for
SUMO-3 modification. These findings were further supported by our results showing that endogenous mouse
Hnf-1a from MING6 cells was modified by exogenous SUMO-3, and the level of SUMO-3 modification increased
by co-transfection of PIAS~ and reduced by the presence of SENP-1 (Supplementary Fig. S1).

K205 and K273 are SUMO-3 target residues in HNF-1A. SUMOylation usually occurs within a spe-
cific SUMO consensus motif described as 1)KXE, in which 1) is a large hydrophobic residue, X is any amino acid
and K (Lysine) is the SUMO conjugation site'*. However, SUMOylation at lysine residues outside this motif has
also been described'#**?!. Using the in silico prediction programs SUMOplot (Abgent) and GPS-SUMO (The
Cuckoo Workgroup) several lysine residues (K46, K158, K205, K222, K273 and K506) were predicted as pos-
sible candidates for SUMO-conjugation in HNF-1A, with varying scores (Fig. 2a). However, none of the pre-
dicted lysine residues were within a SUMO consensus motif. All predicted lysine mutants were generated and
their effects on SUMOylation of HNF-1A were examined in HEK293 cells. K205R, K273R and K506R showed
substantial reduction in the intensity of the higher molecular mass SUMOylated HNF-1A bands compared to
WT (Fig. 2b,c), indicating that these three residues represent HNF-1A SUMOylation sites and were therefore
chosen for further investigations. Interestingly, overexpression of SUMO-3 and PIAS~ seemed to reduce the
protein level of unmodified WT HNEF-1A and all the mutants, observed in input samples (Fig. 2b), and most
dramatically for the K506R mutant, whose unmodified band was almost undetectable when overexpressed with
SUMO-3 and PIAS~. Due to the instability of the K506R mutant in the presence of the SUMOylation machinery,
it was difficult to conclude whether K506 is a true SUMOylation site. Since both the SUMO-site mutants, K205R
or K273R, showed some degree of SUMOylation, we investigated the level of SUMO-conjugation of a double
mutant (K205RK273R) and a triple mutant (K205RK273RK506R) in HEK293 cells (Supplementary Fig. S2).
Both mutants showed a reduced level of higher molecular mass SUMOylated HNF-1A bands compared to WT
HNF-1A, but both mutants retained some degree of SUMOylation.

HNF-1A transactivation is repressed by PIAS~ in MING cells and requires simultaneous HNF-1A
SUMOylation at K205 and K273. SUMOylation has been shown to affect the activity of many tran-
scription factors, acting in most cases as a repressor of target gene transactivation?>?*. We firstly assessed the
presence and effect of SUMO-3 and PIAS~ overexpression on HNF-1A transactivation of a Firefly luciferase
reporter gene via its regulation of a rat albumin promoter in transfected MING cells Co-expression of SUMO-3
and PIAS~, significantly reduced the activity of HNF-1A to around 60%, compared to cells transfected with
HNF-1A alone (100%) (Fig. 3a). While co-expression of SUMO-3 alone did not affect the transcriptional activity
of HNF-1A, co-transfection with PIAS~ alone demonstrated the strongest inhibitory effect and reduced HNF-1A
transactivation even more than when overexpressed together with SUMO-3 (~40% and ~60%, respectively, com-
pared to HNF-1A alone of 100%) (Fig. 3a). Next, to investigate whether loss of potential SUMO-target lysine
residues would obviate the PIAS~-mediated repression, the effect of SUMO-3 and/or PIAS~ on the transcrip-
tional activity of single mutants (K205R, K273R and K506R), double mutant (K205RK273R) and triple mutant
(K205RK273RK506R) was assessed (Fig. 3b). The basal activities of all mutants were per se significantly lower
compared to WT HNF-1A (Supplementary Fig. S3). Similarly to WT, the activity of the single mutants K205R,
K273R and K506R was also significantly reduced (around 60-70%) in the presence of both SUMO-3 and PIAS~
(Fig. 3b), supporting that the transcriptional repression does not require HNF-1A SUMOylation at one sin-
gle lysine residue. By contrast, the transactivation activity of the double and triple mutants, K205RK273R and
K205RK273K506R, were not reduced by either SUMO-3 and PIAS~, or PIAS~ alone, indicating that lack of
SUMOylation at these sites inhibit repression of HNF-1A transactivation (Fig. 3b).

SUMOylation does not affect the DNA binding ability of HNF-1A. Functional investigations
indicate that the transcriptional activity of some transcription factors are repressed by SUMOylation, either
by recruiting repressive co-factors?, by influencing their stability>>?¢ or by affecting their DNA-binding abil-
ity?’. Furthermore, members of the PIAS family such as PIAS1 and PIAS3 have been reported to inhibit the
DNA-binding activity of their protein targets?®?°. We therefore aimed to investigate whether reduction in
HNF-1A transactivation mediated by the SUMOylation machinery could be attributed to loss of DNA binding
by HNF-1A. Thus, equal amounts of nuclear fractions isolated from HeLa cells overexpressed with WT HNF-1A,
and in the presence of SUMO-3 and PIAS~, were incubated with a Cyanine 5 label probe, corresponding to the
HNF-1 binding site of the rat albumin promoter and analyzed by Electrophoretic mobility shift assay (EMSA).
Specificity of oligonucleotide binding was also verified by a competition assay using increasing amounts of unla-
beled oligonucleotide (Supplementary Fig. S4). DNA-HNEF-1A protein complexes were observed in all samples
(except for negative control), however, with varying intensities indicating altered DNA-binding affinity (Fig. 4).
More specifically, the presence of SUMO-3 alone or in combination with PIAS~ seemed to only slightly impair
the DNA binding ability of HNF-1A, indicated by reduced intensity of bands corresponding to the HNF-1A-DNA
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Figure 2. K205 and K273 are SUMOylation sites in HNF-1A. (a) Schematic overview of the HNF-1A
protein highlighting the lysine residues predicted as SUMOylation sites using the in silico prediction
programs SUMOplot and GPS-SUMO. The predicted motif for covalent SUMO attachment is displayed

with the lysine residue underlined in red. (b) Site directed mutagenesis of HNF-1A demonstrated loss of
SUMOylation upon substitution lysine (K) with arginine (R), at residues K205, K273 and K506 in HEK293
cells. Cells were transfected with V5-tagged HNF-1A (WT or mutants) together with HA-tagged SUMO-3
and Flag-tagged PIAS~. Lysates were collected in the presence of NEM and protease inhibitors and subjected
to immunoprecipitation using anti-V5 antibody. The precipitates were separated by SDS-PAGE and
immunoblotting using anti-HA and anti-V5 antibodies. Full-length blots are presented in Supplementary
Fig. S5. This experiment was replicated in three independent experimental days (n=3). (c) Quantification of
high molecular SUMOylated bands by densiometric analysis is presented as relative fold change compared to
WT alone (set to 1). Each bar represents a mean of three independent experiments &+ SD (n=3).

complexes (Fig. 4a). Upon quantification, these bands were estimated to represent a DNA binding ability of ~70%
compared to HNF-1A alone, set to 100% (Fig. 4b). On the contrary, co-expression with PIAS~ alone did not
reduce the DNA binding ability of HNF-1A, demonstrated by similar band intensity as HNF-1A expressed alone,
and estimated to ~95% (Fig. 4b).

SUMOylation does not alter the total nuclear level of HNF-1A. Previous studies have linked
SUMOylation as effector of the nuclear localization of certain transcriptional regulators®, by showing for instance
that SUMOylation negatively regulates their transcription by controlling their nuclear availability and subnu-
clear localization®"*2. Based on this, we next aimed to investigate whether SUMOylation affects the nuclear level
of HNF-1A. The presence of SUMO-3 and PIAS~ did not have any notable effect on the nuclear fraction level
of HNF-14, indicating that the total nuclear level of HNF-1A is not affected by the SUMOylation machinery
(Fig. 5a,b). The level of cytosolic HNF-1A, on the other hand, seemed slightly reduced in the presence of the
SUMOylation machinery, from our immunoblots (Fig. 5a).

To further evaluate the effect of SUMOylation on the subcellular localization of HNF-1A we used immunoflu-
orescence and confocal microscopy of transiently transfected HEK293 cells. These analyses revealed that HNF-1A
alone was localized throughout the nucleus, apart from the nucleoli, in line with what was reported previously®.
The same distribution was observed in the presence of the SUMOylation machinery (Fig. 5¢), and confirming the
findings in Fig. 5a,b. Confirmation of the slightly reduced cytosolic levels of HNE-1A was difficult by immunoflu-
orescence, due to weak cytosolic staining compared to strong nuclear signals (Fig. 5¢).
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Figure 3. HNF-1A transactivation of a rat albumin promoter is repressed by SUMO-3 and PIAS~. (a,b)
Transactivation analysis of HNF-1A in MING cells transiently transfected with WT HNEF-1A or mutants
K205R, K273R, K506R, K205RK273R and K205RK273RK506R in the presence/absence of plasmids encoding
SUMO-3, and/or PIAS~, as indicated in the figure, and together with the reporter plasmids pGL3-RA and
PRL-SV40. Firefly luciferase activity was normalized to Renilla activity (control reporter) and empty vector was
used as negative control. Each bar (a,b) represents the mean of nine readings & SD; three parallel readings were
conducted on each of three experimental days (n = 3). Measurements are given in fold activity relative to WT.
*indicates p < 0.05, **indicates p < 0.001. EV = empty vector.
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Figure 4. PIAS~ does not influence the DNA binding ability of HNF-1A. (a) The DNA-binding ability

of HNEF-1A was assessed in nuclear fractions isolated from HeLa cells transiently transfected with WT
HNF-1A or empty vector, and co-transfected with SUMO-3 and PIAS~. HNF-1A-DNA binding was

analyzed by electrophoretic mobility shift assay (EMSA) after HNF-1A incubation with a Cy5 labeled DNA
oligo (corresponding to HNF-1 binding site in the rat albumin). Bound complexes were separated on a

6% DNA retardation gel and the fluorescence signal was detected at 670 nm. Full-length gel is presented in
Supplementary Fig. S6. (b) Quantification of binding by densiometric analysis is presented relative to WT alone
(set to 100%). Each bar represents a mean of three independent experiments +SD (n=3).

PIAS~ interacts with HNF-1A and reduces the protein level of HNF-1A. Next, we examined
whether the reduction in HNF-1A activity by PIAS~ could be mediated by an interaction between HNF-1A
and PIAS~. HEK293 cells were firstly overexpressed with HNF-1A and PIAS~ and co-immunoprecipitation
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Figure 5. SUMOylation is not required for nuclear localization of HNF-1A. (a) Subcellular localization

of HNE-1A was assessed in HeLa cells transiently transfected with V5-tagged WT HNE-1A together with
constructs expressing HA-tagged SUMO-3 and/or Flag-tagged PIAS~ (as indicated), and analyzed by cellular
fractionation, SDS-PAGE and immunoblotting. ‘N’ indicates nuclear fractions, whereas ‘C’ indicates cytosolic
fractions. The purity of the fractions was verified using antibodies against the nuclear- (topoisomerase IIcv) and
the cytosol-specific (GAPDH) marker proteins. Full-length blots are presented in Supplementary Fig. S7. (b)
The level of HNF-1A in the nuclear fractions was normalized to topoisomerase Il The results are presented
relative to the nuclear level of HNF-1A in cells transfected with HNF-1A alone. Each bar represents a mean

of three independent experiments £SD (n=3). (c) HEK293 cells were transiently transfected with constructs
expressing V5-tagged WT HNF-1A (in green) alone or in combination with HA-tagged SUMO-3 and/or Flag-
tagged PIASH. Localization of HNF-1A was visualized by immunofluorescence analysis using anti-V5 antibody
and confocal microscopy. This experiment was replicated in two independent experimental days (n=2). Cell
nuclei were stained with DAPI (blue). Scalebar, 10 um.

experiments were performed (Fig. 6). In the HNF-1A immunoprecipitated samples analyzed by Flag-antibody,
a PIAS~-specific band at ~75kDa was observed, only present in the sample transfected both with WT HNE-1A
and PIAS~, and not in the control sample representing HNF-1A alone (Fig. 6a), indicating that PIAS~ interacts
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Figure 6. PIAS~ interacts with HNF-1A. (a) Co-immunoprecipitation analysis of HNF-1A and PIAS~ from
HEK293 cells transiently transfected with V5-tagged HNF-1A or empty vector together with Flag-tagged
PIASA. Cells were lysed and subjected to immunoprecipitation using anti-V5 antibody. The precipitates

(left) and 10 ug input (right) were separated by SDS-PAGE and immunoblotting using anti-Flag and anti-V5
antibodies. This experiment was replicated in two independent experimental days (n =2). (b) Mutation

of K205, K273 and K506 in HNF-1A does not affect the binding of PIAS~ to HNF-1A. HEK293 cells were
transiently transfected with WT HNF1A, K205R, K273R or K506R, together with Flag-tagged PIAS~. Lysates
were analyzed similarly as described in (a) using anti-V5 antibody immunoprecipitation, SDS-PAGE analysis
and immunoblotting. Full-length blots are presented in Supplementary Fig. S8. This experiment was replicated
in two independent experimental days (n=2).

with HNF-1A. We further overexpressed the K205R, K273R and K506R mutants (Fig. 6b) and the triple mutant
K205RK273RK506R (Supplementary Fig. S5) in the presence or absence of PIAS~ and performed a similar
co-immunoprecipitation experiment. Similarly to WT, all mutants were capable of binding to PIAS~ (Fig. 6b and
Supplementary Fig. S5), demonstrated by a PIAS~ specific band in each sample, and indicating that the binding of
PIAS~ to HNF-1A is independent of any of these SUMO-target lysine residues. Interestingly, we also noticed that
overexpression of PIAS~ resulted in slightly reduced intensity of the band representing unmodified HNF-1A band
(Fig. 6a). This effect of PIAS~y on HNF-1A protein level was also observed in our initial immunoprecipitation
experiments (Fig. 2b). Therefore, to assess whether PIAS~ affects the stability of HNF-1A, HNF-1A was overex-
pressed in the presence of increasing amounts of PIAS~ plasmid in HEK293 cells. A dose-dependent increase in
PIAS~ plasmid significantly reduced the HNF-1A protein level detected in the supernatant fraction after RIPA
lysis (Fig. 7a,b). Altogether, these results indicate that PIAS~ interacts with HNF-1A either directly or indirectly
through other unknown modifying factors, and that this leads to a reduction in the total HNF-1A protein level.
To explore whether the PIAS~ mediated reduction in cytosolic HNF-1A protein could be explained by
increased proteasomal degradation of HNF-1A4, as shown for other proteins®*, HEK293 cells were overexpressed
with HNF-1A in the presence/absence of the SUMOylation machinery, and subsequently treated with the protea-
somal inhibitor MG132 (Fig. 7¢,d). An increase in HNF-1A protein from cleared lysate after MG132 treatment
and RIPA lysis was detected, confirming that HNF-1A is regulated by the proteasomal degradation system in
the presence or absence of SUMO-3 and PIAS~, as shown before*. No difference, however, in the total level of
HNF-1A protein was detected after inhibition of the proteasomal degradation system, indicating that the PIAS~y
mediated reduction of HNF-1A protein level observed in Fig. 7a,b is not executed by the proteasomal system.

PIAS~ targets HNF-1A to the nuclear periphery and leads to repression of known HNF-1A reg-
ulated target genes. To further pursue the reason for the reduction in protein level of HNF-1A4, in cleared
RIPA lysates when PIAS~ was present, we next investigated the pelleted fraction after RIPA lysis, containing cell
debris, insoluble proteins and membrane fractions. Interestingly, we noticed a markedly increase in HNF-1A pro-
tein in the pelleted samples when PIAS~ was present, relative to that in pellet fractions without PIAS~ (Fig. 8a,b).
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Figure 7. PIAS~ reduces the cytosolic HNF-1A protein level in a dose- dependent manner. (a) Effect of
PIAS~ on HNF-1A protein in cleared lysates from transiently transfected HEK293 cells, with V5-tagged
HNF-1A together with increasing amounts of Flag-tagged PIAS~ (0.5-2 ug), and analyzed by SDS-PAGE and
immunoblotting using indicated antibodies. Full-length blots are presented in Supplementary Fig. S9. (b) The
level of HNF-1A was normalized to actin and presented relative to the level of HNF-1A alone. The results are
shown as mean of four independent experiments +SD (n=4). *Indicates p < 0.05. (c) HEK293 cells were
transiently transfected with V5-tagged HNF-1A in the presence or absence of HA-SUMO-3 and Flag-tagged
PIAS~. Post-transfection, cells were treated with 10 ug MG132 or DMSO for 8 hours, and protein from cleared
lysates was analyzed by SDS-PAGE and immunoblotting using indicated antibodies. Full-length blots are
presented in Supplementary Fig. $10. (d) Quantification of proteins shown in c) by densiometric analysis.
The level of HNF-1A was normalized to the loading control (actin). Each column represents the mean fold
difference in the MG132-treated samples versus DMSO-treated control on two different experimental days +
SD (n=2).

These results suggest that PIAS~ stimulates a subcellular translocation of HNF-1A to a membrane compartment
where HNF-1A is not released by regular RIPA lysis.

We further investigated this effect of PIAS~y on HNF-1A nuclear distribution by immunofluorescence experi-
ments and confocal microscopy in transiently transfected HEK293 cells. Interestingly, co-expression of HNF-1A
with PIAS~ resulted in a redistribution of HNF-1A to the nuclear periphery, where it was observed to co-localize
with PIAS~ based on overlapping immunofluorescence signals (Fig. 8c). Therefore, this observation indicates
that PIAS~ sequesters HNF-1A to the nuclear periphery. To further explore if the HNF-1A/PIAS~ interaction and
re-localization of HNF-1A to the nuclear membrane would lead to a repression of HNF-1A regulated target genes,
we performed qPCR of three known HNF-1A targets in MING6 (3-cells, i.e. Ace2®®, Slc2a2* and Crp*’, and compar-
ing mRNA levels in cells overexpressed with either HNF1A alone or HNFIA and PIASy (Fig. 8d). Interestingly,
the expression of Ace2 and Slc2a2 was reduced in the presence of PIAS~, while the level of Crp was unchanged.

Discussion
Although mutations in HNFIA is the most prevalent inherited type of diabetes, the precise mechanism of how
its gene product, HNF-1A is regulated, is largely unknown. Recent reports highlight the importance of balance
of PTMs in insulin-producing 3-cells for maintenance of glucose homeostasis, and in particular the role of
SUMOylation*®*. In this study, we therefore investigated whether SUMOylation might be a crucial mechanism
for the normal regulation of HNF-1A.

Different SUMO isoforms serve distinct functional roles by their modification of individual proteins*. For
instance, while RanGAP1 is predominantly modified by SUMO-1, and to lesser extent by SUMO-3*!, SUMO-3
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Figure 8. PIAS~ translocates HNF-1A to the nuclear periphery and leads to reduced expression of known HNF-1A
target genes. (a,b) After RIPA lysis, pelleted fractions from HEK293 cells transiently transfected with V5-tagged
HNF-1A in the absence/presence of PIAS~ were analyzed by SDS-PAGE and immunoblotting using indicated
antibodies. The level of HNF-1A was quantified by densiometric analysis using the Image Lab v.6.0.0 software (BIO-
RAD) and normalized to a-tubulin. Full-length blots are presented in Supplementary Fig. S11. Quantifications

are presented relative to the level of HNF-1A alone. The results are shown as mean of three technical experiments
(n=1) =SD. P indicates parallel. (c) HEK293 cells were transiently transfected with constructs expressing V5-
tagged HNF-1A and/or Flag-PIAS~ alone or in combination as indicated in the figure. HNF-1A (green) and

PIAS~ (magenta) were visualized by immunostaining for V5- and Flag-tag, respectively, and analyzed by confocal
microscopy. Cell nuclei were stained with DAPI (blue). Co-localization of transfected HNF-1A and PIAS~ is shown
in the lower panel. Scalebar, 10 um. (d) The mRNA expression of three known HNFIA targets genes (Ace2, Slc2a2
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and Crp) was investigated in MING cells overexpressed with HNFIA in the absence or presence of PIASy and was
determined by qPCR. Target gene expression was normalized to reference gene Gapdh and represented as mean fold
change relative to HNF1A alone £SD of two biological replicates (n=2).

predominantly modifies nuclear actin*2. Our data supports that HNF-1A is preferentially modified by SUMO-3
compared to SUMO-1 (Fig. 1a). SUMO-3 also seemed to be more frequently conjugated to proteins, in general,
in the HEK293 cells analyzed, consistent with previous reports showing that SUMO-3 has a substantially higher
potential to modify cellular proteins than SUMO-1%..

Furthermore, the SUMO E3 ligase, PIAS~, increased the level of SUMOylated HNF-1A, which is in line with
previous findings on the role of PIAS as a catalyst of SUMOylation®~*.

SUMOylated HNF-1A appeared as multiple high molecular mass bands (Fig. 1). Since SUMO-3 is known to
be conjugated both alone, or as SUMO chains, at the same target residue®, it is therefore possible that HNF-1A
is modified by polySUMOylation by SUMO-3 at one target lysine site and/or sequential SUMOylation of mul-
tiple sites. Analyses by both in silico prediction tools and of SUMOylation level assessment of candidate lysine
mutants identified K205 and K273 as the most important SUMOylation site residues (Fig. 2b,c). The relevance
of K506 was more difficult to determine, since the K506R mutant was shown to be very unstable in the presence
and in the absence of the SUMOylation machinery (Fig. 2b, Supplementary Fig. S3 and unpublished data). Thus
it is possible that the reduction in detectable SUMOylated forms of K506R could be due to a reduction in the
protein level of K506R, and concealing whether K506 is a true SUMOylation site or not. Since both the dou-
ble mutant (K205RK273R) and triple mutant (K205RK273RK506R) possessed some degree of SUMOylation
(Supplementary Fig. S2), this suggests that either i) there are more SUMOylation sites in HNF-1A than K205 and
K273 or ii) there is some redundancy in SUMO-site specificity in HNF-1A, as previously referred to by others on
different SUMO targets®’.

In terms of functional consequence we found that SUMO-3/PIAS~ significantly reduced HNF-1A transacti-
vation activity (Fig. 3a). This repression seemed not to be dependent on HNF-1A SUMOylation at single lysines
K205 and K273, since the transcriptional activity of the SUMOylation-deficient mutants (K205R and K273R)
were also inhibited by PIAS~/SUMO3. By contrast, for the double/triple mutants K205RK273R(K506R), we did
not observe any reduction in transactivation of PIAS~/SUMO-3 or by PIAS~ alone (Fig. 3b), indicating that
simultaneous SUMOylation of these lysines are important for the inhibitory effect observed by PIAS~.

A fact supporting the importance of K205, K273, and K506 within the protein structure of HNF-1A is that
they are highly conserved among different species and they are also conserved in the paralog HNF-1B. Residue
K205 and K273 are located in the DNA binding domain, while K506 is located in the transactivation domain
(Fig. 2a). Worth noting is that the baseline transcriptional activity of all the SUMO-site lysine — arginine mutants
was significantly lower compared to WT HNF-1A activity (Supplementary Fig. S3). One possible explanation
for their reduced activity might be that these lysines represent important residues for the normal structure and
activity of HNF-1A. A previous report on K205 shows that this lysine residue is important for inter-domain
interaction, proper protein folding/structure and stability of HNF-1A, and that loss of this lysine (mutation
K205Q) leads to reduced protein level due to instability, and hence reduced detectable transcriptional activity*S.
Residue K506 seems also essential for HNF-1A stability and activity as the mutant K506R, in our hands, demon-
strated the lowest level of transcriptional activity of the single mutants (Supplementary Fig. $3), and our immu-
nofluorescence analyses (data not shown) also indicated reduced protein level by weak staining. As mentioned
earlier, loss of function mutations in HNFIA cause the most common form of monogenic diabetes (HNEF-
1A-MODY;MODY3), a disorder characterized by reduced glucose-stimulated insulin secretion®. Interestingly,
missense variants at K205 (K205Q) and at K273 (K273N) have been associated with MODY34%-*°, This further
supports the relevance of these lysine residues for normal HNF-1A function. Accordingly, the normal regulation
by SUMOylation of these diabetes-associated variants, and SUMOylation site deficient mutants, is most likely
impaired (Fig. 2b).

Another important aspect of SUMO-conjugation of a target protein is the reversible action by SENPs.
Interestingly, SENP-1 has recently been shown to be activated by glucose’'. Our study confirmed that SENP-1
successfully de-SUMOylated HNF-1A (Fig. 1b) and Hnf-1a (Supplementary Fig. S1). Given that SUMOylation
by SUMO-3 has a repressive effect on HNF-1A transcriptional activity, it might be likely that conditions of high
glucose will activate SENP-1, and subsequent lead to de-SUMOylation of HNF-1A. Ultimately, this may result in
amore active HNF-1A protein under high glucose.

In our study, the E3 ligase PIAS~ revealed to be a new interacting partner of HNF-1A (Fig. 6) and was shown to
reduce HNF-1A transactivation significantly using a rat albumin promoter in a luciferase assay (Fig. 3a). Further,
we showed that HNF1A/PIAS~ co-transfection reduced the expression of known HNF-1A target genes, i.e. Ace2
and Slc2a2, in MING cells (Fig. 8d). Previous studies have shown that PIAS~ can repress transcription either by
recruiting transcriptional corepressors®?, or by re-localization of the transcription factor within the nucleus®. A
PIAS~ mediated translocation of HNF-1A to the nuclear membranes is supported in our study, and shown by
immunofluorescence and confocal imaging analyses, as well as analyses of cell pelleted fractions (Fig. 8). PIAS~
has previously been reported to translocate the CCAAT/enhancer binding protein 6 from transcriptionally active
nuclear foci to the nuclear periphery, and as a result represses the transcriptional ability of protein §*. According
to previous studies, the nuclear periphery, and especially the inner nuclear envelope, are cellular areas that have
been involved in the modulation of gene expression®*. More specifically, inner nuclear membrane proteins such
as lamins and emerins have shown to physically interact with several transcription factors when these enter the
nucleus. By this, they restrict transcription factor access to their target genes in the nucleosome where tran-
scription occurs, and hence induce transcriptional repression®*3¢. We believe that the repression by PIAS~ on
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HNF-1A transactivation may be due to PIASy-mediated sequestration of HNF-1A to the nuclear periphery and
subsequent restricted access of HNF-1A to its target genes, as demonstrated by reduced mRNA expression for
Ace2 and Slc2a2 observed in the presence of PIAS~ (Fig. 8d). An attractive hypothesis is that this PIAS~-mediated
repression of HNF-1A activity occurs at low glucose conditions and in 3-cell resting state.

In summary, we report here that SUMOylation of HNF-1A represents a novel post translational regulatory
mechanism of HNF-1A. Further, we have identified PIAS~ as a novel HNF-1A interaction partner that enhances
the SUMOylation of HNF-1A. Furthermore, the PIAS~/HNF-1A interaction leads to re-localization of HNF-1A
to the nuclear periphery, leading to restricted access to its target genes, thereby reducing the overall HNF-1A
transcriptional activity. This new knowledge is highly relevant for precision medicine in diabetes as a novel mech-
anism for HNF-1A regulation and altered function by PIAS~, which reveal potential new targets for drug devel-
opment in HNF-1A associated diabetes.

Methods

Cell lines and transfection. MING cells were grown in DMEM (4.5 g/L glucose) supplemented with
15% heat-inactivated FBS. HEK293 and HeLa cells were grown in DMEM (4.5 g/L glucose) including 10%
heat-inactivated FBS. All growth media included penicillin/streptomycin. Transfections were performed using
Lipofectamine-2000 (Invitrogen), if not stated otherwise.

Constructs. HNFIA ¢cDNA (NCBI Entrez Gene BC104910.1) in pcDNA3.1/V5-HisC was used (Life
Technologies). All HNFIA Lys— Arg variants were constructed using the QuikChange XL Site-directed
Mutagenesis Kit (Stratagene). Sequences of the primers are shown in Supplementary Table 1. Plasmids encod-
ing human HA-tagged SUMO-1 and SUMO-3 (in pcDNA 3.1) were kindly provided by prof. Frauke Melchior
(Heidelberg, Germany). Plasmids encoding human HA-tagged UBC9 (p3258 pCMV4) (#14438), Flag-tagged
PIAS~ (pCMV) (#15208) and Flag-tagged SENP1 (pCMV) (#17357) were from Addgene. The Firefly luciferase
reporter vector pGL3-RA (Promega), containing the promoter of the rat albumin gene (nucleotide —170 to + 5)
and the pRL-SV40 reporter vector (Promega) encoding the Renilla luciferase gene were used in the transactiva-
tion assay”’.

Luciferase assay. MING cells were transiently co-transfected with plasmids expressing WT or variant
HNFIA ¢cDNA and HA-SUMO3, Flag-PIAS~ and reporter plasmids expressing Firefly and Renilla luciferase. Post
transfection, transactivation was measured using the Dual-Luciferase Assay System (Promega) in a Chameleon
luminometer (Hidex). Luciferase activity was normalized by Renilla expression.

Co-Immunoprecipitation. HEK293 cells transiently transfected with indicated plasmids and harvested
using ice-cold IP Lysis/Wash Buffer (Thermo-Fisher) including 20 mM N-ethylmaleimide and protease inhib-
itor cocktail. Protein concentrations were determined in a Direct Detect Spectrometer (Merck Millipore).
Co-immunoprecipitation (Co-IP) was performed using a V5-antibody (Thermo-Fisher; #R960-25) and the
Pierce Co-IP kit (Thermo-Fisher). Samples were analyzed by SDS-PAGE and immunoblotting with mouse
anti-V5 (Thermo-Fisher), rabbit anti-HA (Cell Signaling; #3724), rabbit anti-Flag (Cell Signaling; #2368) and
horseradish peroxidase (HRP)-linked secondary antibodies.

Endogenously SUMOylated HNF-1A. MING cells, endogenously expressing Hnf-1a, were transiently
transfected with the indicated plasmids and harvested in ice-cold BlastR lysis buffer supplemented with NEM and
protease inhibitors (Cytoskeleton). The endogenously SUMOylated Hnf-1a proteins were isolated by immuno-
precipitation using the Signal-Seeker SUMOylation 2/3 Detection Kit (Cytoskeleton), according to the manufac-
turer’s protocol. The eluted samples were analyzed by SDS-PAGE and immunoblotting using rabbit anti-HNF-1A
(Cell Signaling; # 89670 S), rabbit anti-Flag (Cell Signaling; #2368) and mouse HRP-linked anti-SUMO2/3
(Cytoskeleton).

Protein expression analysis. HEK293 cells were transiently co-transfected with plasmids expressing
HNFIA cDNA and increasing amounts of Flag-PIAS~. Post transfection, cells were harvested in RIPA buffer
(Thermo-Fisher) including 20 mM NEM and protease inhibitor cocktail. Protein concentrations were assessed
by Pierce™ BCA Protein Assay kit (Thermo-Fisher). Pelleted samples were further treated with Benzonase
(Sigma-Aldrich) for 30 min 37 °C. Samples were analyzed by SDS-PAGE and immunoblotting using mouse
anti-V5 (Thermo-Fisher), rabbit anti-Flag (Cell Signaling), goat anti-Actin (Santa Cruz; sc-1615) and anti-alpha
Tubulin-HRP (Abcam; Ab40742) antibodies.

Electrophoretic mobility shift assay (EMSA). A cyanine 5 labelled oligonucleotide (Sigma Aldrich)
of PE56 double stranded DNA fragment (5'-TGTGGTTAATGATCTACAGTTA-3’) containing the rat albumin
sequence (—63/—41) was used. The DNA binding reaction was performed using 10 ug nuclear fractions from
transiently transfected HeLa cells and the Odyssey EMSA buffer kit (LI-COR Biosciences).

Cell fractionation. HeLa cells transiently transfected with indicated plasmids were harvested in PBS post
transfection. The cytosolic fraction was collected by re-suspending the cell pellet in buffer A (10 mM Hepes pH
7.8, 1.5mM MgCl,, 10mM KCl, 0.1% IGEPAL, 0.5 mM DTT, EDTA-free protease inhibitor cocktail) followed by
incubation for 30 min on ice and centrifugation at 17 900 x g for 5min at 4 °C. Next, the nuclear pellet was washed
twice with buffer A and further re-suspended in buffer B (20 mM Hepes pH 7.8, 420 mM NaCl, 1.5 mM MgCl,
0.2mM EDTA, 0.5mM DTT, EDTA-free protease inhibitor cocktail) followed by incubation on ice for 30 min
vortexing every minute. The nuclear fraction was further collected by centrifugation at 17 900 x g for 15min
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4°C. The protein concentration was determined using the Pierce™ BCA Protein Assay kit (Thermo-Fisher). Each
fraction was subjected to SDS-PAGE and immunoblotting using rabbit anti-HNF1A (Cell Signaling; #89670) and
the purity of fractions was verified using antibodies against the nuclear- and cytosol- specific marker proteins
topoisomerase ITa (Cell Signaling; #12286) and GAPDH (Santa Cruz; sc-47724), respectively.

Immunofluorescence and Confocal microscopy. HEK293 cells were plated on to coverslips and tran-
siently transfected using JetPrime transfection reagent (PolyPlus). Post transfection, cells were fixed using 3% par-
aformaldehyde for 30 min and permeabilized in 1x PBS, 0.1% Tween 20 (PBS-T), 0.1% Triton X-100 for 20 min
at RT and further incubated in 5% goat serum diluted in PBS-T for 30 min at RT. Cells were then incubated with
mouse anti-V5 (1:500; Thermo-Fisher) and/or rabbit anti-Flag tag (1:200; Thermo-Fisher; PA1-984B). The sec-
ondary antibodies anti-mouse IgG-Alexa Flour 488 (Thermo-Fisher; A11017) and/or anti-rabbit IgG-Alexa Flour
594 (Thermo-Fisher; A11037) were used at 1:200. Cells were washed in PBS-T overnight at 4°C and coverslips
embedded in ProLong Gold with DAPI (Thermo-Fisher) prior to imaging using TCS SP5 AOBS confocal micro-
scope (Leica Microsystems).

RNA isolation and gene expression analysis by quantitative real-time polymerase chain reac-
tion (QPCR). Total RNA was isolated using the RNeasy mini kit (QLAGEN) from MING cells, transiently trans-
fected with plasmids expressing human HNFIA cDNA and/or human PIASy. During RNA isolation, an including
on-column DNase digestion step using the RNase-Free DNase set (QIAGEN) was also included to eliminate
genomic DNA contamination. cDNA was next synthesized from the total RNA (500 ng) of each sample using the
SuperScript VILO ¢cDNA Synthesis Kit (Thermo Fisher) and further diluted five times in RNase free water. For
the qPCR analysis, the TagMan Universal PCR master mix (Applied Biosystems) and the following TagMan FAM
probed (Applied Biosystems) were used: human HNF1A (Hs00167041_m1), human PIAS~ (Hs00249203_m1),
mouse Ace2 (MmO01159003_m1), mouse Crp (Mm00432680_g1), mouse Slc2a2 (Mm00446229_m1) and mouse
Gapdh (Mm99999915_g1). The amplification reaction was carried out in the ABI Prism 7500 (Thermo-Fisher).
Each reaction was carried out in three replicates and the comparative CT method was used for the relative quan-
tification of the amount of mRNA in each sample normalized to the gapdh transcript levels.

Statistical analysis. All data are presented as mean =+ standard deviation (STD) and experiments were
performed at least on three independent occasions unless otherwise specified. Statistical analysis was performed
using a two- tailored Student’s t-test and a p value < 0.05 was considered statistically significant.

References

1. Fajans, S. S., Bell, G. I. & Polonsky, K. S. Molecular mechanisms and clinical pathophysiology of maturity-onset diabetes of the
young. New England Journal of Medicine 345, 971-980 (2001).

2. Mitchell, S. M. & Frayling, T. M. The role of transcription factors in maturity-onset diabetes of the young. Molecular genetics and
metabolism 77, 35-43 (2002).

3. Shih, D. Q. et al. Loss of HNF-1a Function in Mice Leads to Abnormal Expression of Genes Involved in Pancreatic Islet
Development and Metabolism. Diabetes 50, 2472-2480, https://doi.org/10.2337/diabetes.50.11.2472 (2001).

4. Colclough, K., Bellanne-Chantelot, C., Saint-Martin, C., Flanagan, S. E. & Ellard, S. Mutations in the genes encoding the
transcription factors hepatocyte nuclear factor 1 alpha and 4 alpha in maturity-onset diabetes of the young and hyperinsulinemic
hypoglycemia. Human mutation 34, 669-685, https://doi.org/10.1002/humu.22279 (2013).

5. Yamagata, K. et al. Mutations in the hepatocyte nuclear factor-1lalpha gene in maturity-onset diabetes of the young (MODY3).
Nature 384, 455-458, https://doi.org/10.1038/384455a0 (1996).

6. Estrada, K. et al. Association of a low-frequency variant in HNF1A with type 2 diabetes in a Latino population. Jama 311,
2305-2314, https://doi.org/10.1001/jama.2014.6511 (2014).

7. Morita, K. et al. Associations between the common HNF1A gene variant p.127L (rs1169288) and risk of type 2 diabetes mellitus are
influenced by weight. Diabetes ¢ Metabolism 41, 91-94, https://doi.org/10.1016/j.diabet.2014.04.009 (2015).

8. Najmi, L. A. et al. Functional Investigations of HNFIA Identify Rare Variants as Risk Factors for Type 2 Diabetes in the General
Population. Diabetes. https://doi.org/10.2337/db16-0460 (2016).

9. Rose, R. B. et al. Structural basis of dimerization, coactivator recognition and MODY3 mutations in HNF-1alpha. Nat Struct Biol 7,
744-748, https://doi.org/10.1038/78966 (2000).

10. Soutoglou, E., Papafotiou, G., Katrakili, N. & Talianidis, I. Transcriptional Activation by Hepatocyte Nuclear Factor-1 Requires
Synergism between Multiple Coactivator Proteins. Journal of Biological Chemistry 275, 12515-12520, https://doi.org/10.1074/
jbc.275.17.12515 (2000).

11. Yu, M. et al. Proteomic screen defines the hepatocyte nuclear factor 1a-binding partners and identifies HMGB1 as a new cofactor of
HNF1o. Nucleic Acids Research 36, 1209-1219, https://doi.org/10.1093/nar/gkm1131 (2008).

12. Zhao, L. et al. Serine 249 phosphorylation by ATM protein kinase regulates hepatocyte nuclear factor-1lalpha transactivation.
Biochimica et biophysica acta 1839, 604-620, https://doi.org/10.1016/j.bbagrm.2014.05.001 (2014).

13. Dong, B., Li, H., Singh, A. B., Cao, A. & Liu, J. Inhibition of PCSK9 Transcription by Berberine Involves Down-regulation of Hepatic
HNF1lalpha Protein Expression through the Ubiquitin-Proteasome Degradation Pathway. The Journal of biological chemistry 290,
4047-4058, https://doi.org/10.1074/jbc.M114.597229 (2015).

14. Flotho, A. & Melchior, F. Sumoylation: a regulatory protein modification in health and disease. Annual review of biochemistry 82,
357-385, https://doi.org/10.1146/annurev-biochem-061909-093311 (2013).

15. Kanai, K. et al. SUMOylation negatively regulates transcriptional and oncogenic activities of MafA. Genes to Cells 15, 971-982,
https://doi.org/10.1111/j.1365-2443.2010.01431.x (2010).

16. Kishi, A., Nakamura, T, Nishio, Y., Maegawa, H. & Kashiwagi, A. Sumoylation of Pdx1 is associated with its nuclear localization and
insulin gene activation. American journal of physiology. Endocrinology and metabolism 284, E830-840, https://doi.org/10.1152/
ajpendo.00390.2002 (2003).

17. Aukrust, I. et al. SUMOylation of pancreatic glucokinase regulates its cellular stability and activity. The Journal of biological chemistry
288, 5951-5962, https://doi.org/10.1074/jbc.M112.393769 (2013).

18. Dai, X. Q,, Kolic, J., Marchi, P, Sipione, S. & Macdonald, P. E. SUMOylation regulates Kv2.1 and modulates pancreatic beta-cell
excitability. Journal of cell science 122, 775-779, https://doi.org/10.1242/jcs.036632 (2009).

SCIENTIFICREPORTS| (2018) 8:12780 | DOI:10.1038/s41598-018-29448-w 12


http://dx.doi.org/10.2337/diabetes.50.11.2472
http://dx.doi.org/10.1002/humu.22279
http://dx.doi.org/10.1038/384455a0
http://dx.doi.org/10.1001/jama.2014.6511
http://dx.doi.org/10.1016/j.diabet.2014.04.009
http://dx.doi.org/10.2337/db16-0460
http://dx.doi.org/10.1038/78966
http://dx.doi.org/10.1074/jbc.275.17.12515
http://dx.doi.org/10.1074/jbc.275.17.12515
http://dx.doi.org/10.1093/nar/gkm1131
http://dx.doi.org/10.1016/j.bbagrm.2014.05.001
http://dx.doi.org/10.1074/jbc.M114.597229
http://dx.doi.org/10.1146/annurev-biochem-061909-093311
http://dx.doi.org/10.1111/j.1365-2443.2010.01431.x
http://dx.doi.org/10.1152/ajpendo.00390.2002
http://dx.doi.org/10.1152/ajpendo.00390.2002
http://dx.doi.org/10.1074/jbc.M112.393769
http://dx.doi.org/10.1242/jcs.036632

www.nature.com/scientificreports/

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

33.
34.

35.

36.

37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.

49.
. Ellard, S. & Colclough, K. Mutations in the genes encoding the transcription factors hepatocyte nuclear factor 1 alpha (HNF1A) and 4

51.
52.

53.

54.
55.
56.

57.

Sireesh, D. et al. Targeting SUMOylation cascade for diabetes management. Curr Drug Targets 15, 1094-1106, CDT-EPUB-62319
[pii] (2014).

Wilkinson, K. A. & Henley, ]. M. Mechanisms, regulation and consequences of protein SUMOylation. The Biochemical journal 428,
133-145, https://doi.org/10.1042/bj20100158 (2010).

Xu, J. et al. A novel method for high accuracy sumoylation site prediction from protein sequences. BMC bioinformatics 9, 8, https://
doi.org/10.1186/1471-2105-9-8 (2008).

Ouyang, J., Valin, A. & Gill, G. Regulation of transcription factor activity by SUMO modification. Methods in molecular biology
(Clifton, N.J.) 497, 141-152, https://doi.org/10.1007/978-1-59745-566-4_9 (2009).

Shao, C. & Cobb, M. H. Sumoylation regulates the transcriptional activity of MafA in pancreatic beta cells. The Journal of biological
chemistry 284, 3117-3124, https://doi.org/10.1074/jbc.M806286200 (2009).

Yang, S. H. & Sharrocks, A. D. SUMO promotes HDAC-mediated transcriptional repression. Molecular cell 13, 611-617 (2004).
Gonzélez-Prieto, R., Cuijpers, S. A. G., Kumar, R., Hendriks, I. A. & Vertegaal, A. C. O. c-Myc is targeted to the proteasome for
degradation in a SUMOylation-dependent manner, regulated by PIAS1, SENP7 and RNF4. Cell Cycle 14, 1859-1872, https://doi.or
2/10.1080/15384101.2015.1040965 (2015).

Wang, M. et al. SENP3 regulates the global protein turnover and the Sp1 level via antagonizing SUMO2/3-targeted ubiquitination
and degradation. Protein & Cell 7, 63-77, https://doi.org/10.1007/s13238-015-0216-7 (2016).

Anckar, J. et al. Inhibition of DNA binding by differential sumoylation of heat shock factors. Molecular and cellular biology 26,
955-964, https://doi.org/10.1128/mcb.26.3.955-964.2006 (2006).

Chung, C. D. et al. Specific Inhibition of Stat3 Signal Transduction by PIAS3. Science (New York, N.Y.) 278, 1803-1805, https://doi.
org/10.1126/science.278.5344.1803 (1997).

Liu, B. et al. Inhibition of Stat1-mediated gene activation by PIAS1. Proceedings of the National Academy of Sciences 95, 10626-10631
(1998).

Seeler, J. S. & Dejean, A. Nuclear and unclear functions of SUMO. Nature reviews. Molecular cell biology 4, 690-699, https://doi.
org/10.1038/nrm1200 (2003).

Chen, L., Ma, Y., Qian, L. & Wang, J. Sumoylation regulates nuclear localization and function of zinc finger transcription factor ZIC3.
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1833, 2725-2733, https://doi.org/10.1016/j.bbamcr.2013.07.009 (2013).
Nayak, A. et al. Sumoylation of the Transcription Factor NFATc1 Leads to Its Subnuclear Relocalization and Interleukin-2
Repression by Histone Deacetylase. The Journal of biological chemistry 284, 10935-10946, https://doi.org/10.1074/jbc.M900465200
(2009).

Bjorkhaug, L. et al. Hepatocyte Nuclear Factor-1oe Gene Mutations and Diabetes in Norway. The Journal of Clinical Endocrinology &
Metabolism 88, 920-931, https://doi.org/10.1210/jc.2002-020945 (2003).

Rosonina, E., Akhter, A., Dou, Y., Babu, J. & Sri Theivakadadcham, V. S. Regulation of transcription factors by sumoylation.
Transcription 8, 220-231, https://doi.org/10.1080/21541264.2017.1311829 (2017).

Dong, B, Li, H,, Singh, A. B., Cao, A. & Liu, J. Inhibition of PCSK9 Transcription by Berberine Involves Downregulation of Hepatic
HNF1a Protein Expression through Ubiquitin-proteasome Degradation Pathway. The Journal of biological chemistry, M114.597229
[pii] 10.1074/jbc.M114.597229 (2014).

Pedersen, K. B., Chhabra, K. H., Nguyen, V. K., Xia, H. & Lazartigues, E. The transcription factor HNFla induces expression of
angiotensin-converting enzyme 2 (ACE2) in pancreatic islets from evolutionarily conserved promoter motifs. Biochimica et
Biophysica Acta (BBA) - Gene Regulatory Mechanisms 1829, 1225-1235, https://doi.org/10.1016/j.bbagrm.2013.09.007 (2013).
McDonald, T. J. et al. High-Sensitivity CRP Discriminates HNF1A-MODY From Other Subtypes of Diabetes. Diabetes care 34,
1860-1862, https://doi.org/10.2337/dc11-0323 (2011).

He, X. et al. Both conditional ablation and overexpression of E2 SUMO-conjugating enzyme (UBC9) in mouse pancreatic beta cells
result in impaired beta cell function. Diabetologia, https://doi.org/10.1007/s00125-017-4523-9 (2018).

MacDonald, P. E. A post-translational balancing act: the good and the bad of SUMOylation in pancreatic islets. Diabetologia, https://
doi.org/10.1007/s00125-017-4543-5 (2018).

Tatham, M. H. et al. Polymeric chains of SUMO-2 and SUMO-3 are conjugated to protein substrates by SAE1/SAE2 and Ubc9. The
Journal of biological chemistry 276, 35368-35374, https://doi.org/10.1074/jbc.M104214200 (2001).

Saitoh, H. & Hinchey, J. Functional Heterogeneity of Small Ubiquitin-related Protein Modifiers SUMO-1 versus SUMO-2/3. Journal
of Biological Chemistry 275, 6252-6258, https://doi.org/10.1074/jbc.275.9.6252 (2000).

Hofmann, W. A. et al. SUMOylation of nuclear actin. The Journal of cell biology 186, 193-200, https://doi.org/10.1083/jcb.200905016
(2009).

Nishida, T., Terashima, M. & Fukami, K. PIASy-mediated repression of the Ets-1 is independent of its sumoylation. Biochemical and
Biophysical Research Communications 345, 1536-1546, https://doi.org/10.1016/j.bbrc-2006.05.065 (2006).

Ryu, H. et al. PIASy Mediates SUMO-2/3 Conjugation of Poly(ADP-ribose) Polymerase 1 (PARP1) on Mitotic Chromosomes. The
Journal of biological chemistry 285, 14415-14423, https://doi.org/10.1074/jbc.M109.074583 (2010).

Sachdev, S. et al. PIASy, a nuclear matrix-associated SUMO E3 ligase, represses LEF1 activity by sequestration into nuclear bodies.
Genes & development 15, 3088-3103 (2001).

Vertegaal, A. C. Small ubiquitin-related modifiers in chains. Biochemical Society transactions 35, 1422-1423, https://doi.org/10.1042/
bst0351422 (2007).

Garvin, A. J. & Morris, J. R. SUMO, a small, but powerful, regulator of double-strand break repair. Philosophical Transactions of the
Royal Society B: Biological Sciences 372, 20160281, https://doi.org/10.1098/rstb.2016.0281 (2017).

Vaxillaire, M. et al. Anatomy of a homeoprotein revealed by the analysis of human MODY3 mutations. The Journal of biological
chemistry 274, 35639-35646 (1999).

Chi, Y. I et al. Diabetes mutations delineate an atypical POU domain in HNF-1alpha. Molecular cell 10, 1129-1137 (2002).

alpha (HNF4A) in maturity-onset diabetes of the young. Human mutation 27, 854-869, https://doi.org/10.1002/humu.20357 (2006).
Ferdaoussi, M. et al. SUMOylation and calcium control syntaxin-1A and secretagogin sequestration by tomosyn to regulate insulin
exocytosis in human f3cells. Scientific Reports 7, 248, https://doi.org/10.1038/s41598-017-00344-z (2017).

Long, J. et al. Repression of Smad transcriptional activity by PIASy, an inhibitor of activatedSTAT. Proceedings of the National
Academy of Sciences 100, 9791-9796, https://doi.org/10.1073/pnas.1733973100 (2003).

Zhou, S., Si, J., Liu, T. & DeWille, J. W. PIASy Represses CCAAT/Enhancer-binding Protein 6 (C/EBP6) Transcriptional Activity by
Sequestering C/EBPS to the Nuclear Periphery. Journal of Biological Chemistry 283, 20137-20148, https://doi.org/10.1074/jbc.
M801307200 (2008).

Heessen, S. & Fornerod, M. The inner nuclear envelope as a transcription factor resting place. EMBO Reports 8,914-919, https://doi.
org/10.1038/sj.embor.7401075 (2007).

Ivorra, C. et al. A mechanism of AP-1 suppression through interaction of c-Fos with lamin A/C. Genes & development 20, 307-320,
https://doi.org/10.1101/gad.349506 (2006).

Markiewicz, E. et al. The inner nuclear membrane protein Emerin regulates 3-catenin activity by restricting its accumulation in the
nucleus. The EMBO Journal 25, 3275-3285, https://doi.org/10.1038/sj.emboj.7601230 (2006).

Bjorkhaug, L. et al. MODY Associated with Two Novel Hepatocyte Nuclear Factor-1a Loss-of-Function Mutations (P112L and
Q466X). Biochemical and Biophysical Research Communications 279, 792-798, https://doi.org/10.1006/bbrc.2000.4024 (2000).

SCIENTIFICREPORTS| (2018) 8:12780 | DOI:10.1038/s41598-018-29448-w 13


http://dx.doi.org/10.1042/bj20100158
http://dx.doi.org/10.1186/1471-2105-9-8
http://dx.doi.org/10.1186/1471-2105-9-8
http://dx.doi.org/10.1007/978-1-59745-566-4_9
http://dx.doi.org/10.1074/jbc.M806286200
http://dx.doi.org/10.1080/15384101.2015.1040965
http://dx.doi.org/10.1080/15384101.2015.1040965
http://dx.doi.org/10.1007/s13238-015-0216-7
http://dx.doi.org/10.1128/mcb.26.3.955-964.2006
http://dx.doi.org/10.1126/science.278.5344.1803
http://dx.doi.org/10.1126/science.278.5344.1803
http://dx.doi.org/10.1038/nrm1200
http://dx.doi.org/10.1038/nrm1200
http://dx.doi.org/10.1016/j.bbamcr.2013.07.009
http://dx.doi.org/10.1074/jbc.M900465200
http://dx.doi.org/10.1210/jc.2002-020945
http://dx.doi.org/10.1080/21541264.2017.1311829
http://dx.doi.org/10.1016/j.bbagrm.2013.09.007
http://dx.doi.org/10.2337/dc11-0323
http://dx.doi.org/10.1007/s00125-017-4523-9
http://dx.doi.org/10.1007/s00125-017-4543-5
http://dx.doi.org/10.1007/s00125-017-4543-5
http://dx.doi.org/10.1074/jbc.M104214200
http://dx.doi.org/10.1074/jbc.275.9.6252
http://dx.doi.org/10.1083/jcb.200905016
http://dx.doi.org/10.1016/j.bbrc-2006.05.065
http://dx.doi.org/10.1074/jbc.M109.074583
http://dx.doi.org/10.1042/bst0351422
http://dx.doi.org/10.1042/bst0351422
http://dx.doi.org/10.1098/rstb.2016.0281
http://dx.doi.org/10.1002/humu.20357
http://dx.doi.org/10.1038/s41598-017-00344-z
http://dx.doi.org/10.1073/pnas.1733973100
http://dx.doi.org/10.1074/jbc.M801307200
http://dx.doi.org/10.1074/jbc.M801307200
http://dx.doi.org/10.1038/sj.embor.7401075
http://dx.doi.org/10.1038/sj.embor.7401075
http://dx.doi.org/10.1101/gad.349506
http://dx.doi.org/10.1038/sj.emboj.7601230
http://dx.doi.org/10.1006/bbrc.2000.4024

www.nature.com/scientificreports/

Acknowledgements

This study was supported in part by grants from Helse Vest, the Kristian Gerhard Jebsen Foundation, the
Norwegian Diabetes Association, the European Research Council (AdG #293574 to PRN) and the University
of Bergen. We thank Dr.Frauke Melchior (Center of Molecular Biology, University of Heidelberg, Germany) for
providing the pcDNA3.1 plasmids encoding HA-tagged SUMO-1 and HA-tagged SUMO-3. We also thank Dr.
Rohit N. Kulkarni (Joslin Diabetes Center, Boston,USA) for providing the MING6 cell line and Hilde E. Rusaas at
the Department of Medical Genetics, Haukeland University Hospital, Bergen, Norway, for technical assistance.

Author Contributions

A K. carried out most of the experiments, data analysis and prepared the figures and the manuscript. M.K.
assisted in immunofluorescence experiments and prepared the figures generated from those. M.H.S assisted in
the qPCR experiments. PR.N. contributed to the design and supervision of the study, as well as to writing of the
manuscript. L.B. and LA. designed the experiments, had access to all data and supervised all aspects of the work.
All the authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29448-w.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:12780 | DOI:10.1038/s41598-018-29448-w 14


http://dx.doi.org/10.1038/s41598-018-29448-w
http://creativecommons.org/licenses/by/4.0/

	The E3 SUMO ligase PIASγ is a novel interaction partner regulating the activity of diabetes associated hepatocyte nuclear f ...
	Results

	HNF-1A is a target for SUMO-3 modification. 
	K205 and K273 are SUMO-3 target residues in HNF-1A. 
	HNF-1A transactivation is repressed by PIASγ in MIN6 cells and requires simultaneous HNF-1A SUMOylation at K205 and K273. 
	SUMOylation does not affect the DNA binding ability of HNF-1A. 
	SUMOylation does not alter the total nuclear level of HNF-1A. 
	PIASγ interacts with HNF-1A and reduces the protein level of HNF-1A. 
	PIASγ targets HNF-1A to the nuclear periphery and leads to repression of known HNF-1A regulated target genes. 

	Discussion

	Methods

	Cell lines and transfection. 
	Constructs. 
	Luciferase assay. 
	Co-Immunoprecipitation. 
	Endogenously SUMOylated HNF-1A. 
	Protein expression analysis. 
	Electrophoretic mobility shift assay (EMSA). 
	Cell fractionation. 
	Immunofluorescence and Confocal microscopy. 
	RNA isolation and gene expression analysis by quantitative real-time polymerase chain reaction (qPCR). 
	Statistical analysis. 

	Acknowledgements

	Figure 1 HNF-1A is SUMOylated by SUMO-3 and PIASγ in HEK293 cells.
	Figure 2 K205 and K273 are SUMOylation sites in HNF-1A.
	﻿Figure 3 HNF-1A transactivation of a rat albumin promoter is repressed by SUMO-3 and PIASγ.
	Figure 4 PIASγ does not influence the DNA binding ability of HNF-1A.
	Figure 5 SUMOylation is not required for nuclear localization of HNF-1A.
	Figure 6 PIASγ interacts with HNF-1A.
	Figure 7 PIASγ reduces the cytosolic HNF-1A protein level in a dose- dependent manner.
	Figure 8 PIASγ translocates HNF-1A to the nuclear periphery and leads to reduced expression of known HNF-1A target genes.




