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Glucocorticoid receptor (GR) activity is modulated by posttranslational modifications, including phosphorylation, ubiquitina-
tion, and SUMOylation. The GR has three SUMOylation sites: lysine 297 (K297) and K313 in the N-terminal domain (NTD) and
K721 within the ligand-binding domain. SUMOylation of the NTD sites mediates the negative effect of the synergy control mo-
tifs of GR on promoters with closely spaced GR binding sites. There is scarce evidence on the role of SUMO conjugation to K721
and its impact on GR transcriptional activity. We have previously shown that RSUME (RWD-containing SUMOylation en-
hancer) increases protein SUMOylation. We now demonstrate that RSUME interacts with the GR and increases its SUMOylation.
RSUME regulates GR transcriptional activity and the expression of its endogenous target genes, FKBP51 and S100P. RSUME uncovers
apositive role for the third SUMOylation site, K721, on GR-mediated transcription, demonstrating that GR SUMOylation acts posi-
tively in the presence of a SUMOylation enhancer. Both mutation of K721 and small interfering RNA-mediated RSUME knockdown
diminish GRIP1 coactivator activity. RSUME, whose expression is induced under stress conditions, is a key factor in heat shock-in-
duced GR SUMOylation. These results show that inhibitory and stimulatory SUMO sites are present in the GR and at higher

SUMOylation levels the stimulatory one becomes dominant.

lucocorticoid (GC) actions are mediated by the glucocorti-

coid receptor (GR), a ligand-activated transcription factor
and member of the nuclear receptor (NR) superfamily. GR plays
an important role in gene transcription (1), regulating processes
such as inflammation, glucose and lipid metabolism, stress re-
sponse, development, the cell cycle, and apoptosis (2—4). GR hasa
modular structure consisting of three major functional domains,
the N-terminal domain (NTD), the central DNA-binding domain
(DBD), and the C-terminal ligand-binding domain (LBD). Upon
ligand binding, GR dissociates from multichaperone complexes,
dimerizes, and translocates into the nucleus (5). In addition to its
role in ligand recognition, the LBD contains a ligand-dependent
activation function (AF-2) that is tightly regulated by hormone
binding and several coactivators interacting with this domain (6).
GR-mediated transcriptional activity is regulated not only by its
binding to GC response elements (GREs) and the balance between
coactivators and corepressors but also by posttranslational mod-
ifications, which include phosphorylation, ubiquitination, and
SUMOylation (7-12).

The SUMO conjugation pathway has similarities to the ubiqg-
uitination process but uses a different set of enzymes involved in
processing, attachment, and removal of SUMO (13, 14). First,
SUMO is activated in an ATP-dependent manner by the heterodi-
meric El-activating enzyme SAE1/2. Activated SUMO is then
transferred to the E2-conjugating enzyme Ubc9 and is conjugated
to specific lysine residues in substrate proteins. Efficient SUMO
conjugation in vivo further requires the action of specific SUMO
E3 ligases (15). Interestingly, SUMO2 and SUMO3 conjugation,
but not SUMO1 conjugation, is stimulated by cellular stress (16).
Furthermore, GR is present in the SUMO?2 proteome upon heat
stress (17, 18).

Our group has previously demonstrated that RSUME (RWD-
containing SUMOylation enhancer), a small RWD domain-con-
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taining protein, enhances protein SUMOylation in an RWD-de-
pendent manner. The RWD domain has been named after three
major RWD-containing proteins—RING finger-containing pro-
teins, WD repeat-containing proteins, and yeast DEAD (DEXD)-
like helicases—and has been proposed to be a protein-protein
interaction domain (19). RSUME promotes (i) the binding of E1
and E2 enzymes, (ii) the thioester linkage between SUMO and
Ubc9, and (iii) the transfer of SUMO to specific target proteins
(20). Interestingly, RSUME expression is induced under stress
conditions, such as heat shock (20).

SUMO modification of GR has a strong influence on its tran-
scriptional activity (8, 11, 21). GR transcriptional synergy is inhib-
ited by SUMOylation in a context-dependent manner (8). Cova-
lent attachment of SUMO to GR takes place in the absence of
ligand, but GR agonists increase SUMOylation of the receptor
(11). GR contains three consensus SUMOylation sites. The first
two (K297 and K313 in rat GR, K277 and K293 in human GR) are
located in the NTD, while the third one (K721 in rat GR, K703 in
human GR) is located in the LBD (see Fig. 1A). The NTD
SUMOylation sites (K297 and K313) are part of the synergy con-
trol (SC) motif sequence (11). SC motifs are short regulatory se-
quences that limit synergistic transactivation in a promoter-de-
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pendent manner. They are present in several transcription factors
(22,23), including steroids and other nuclear receptors (24-27). It
is well established that SUMO modification of K297 and K313 in
the GR is responsible for the functional effect of the SC motifs,
thereby exerting a negative effect on GR transcriptional activity at
multiple GREs without altering GR-mediated transcription at
promoters containing a single GRE (8). Indeed, disruption of
these sites increases GR transcriptional activity, showing that
SUMOylation exerts a negative effect on GR-mediated transcrip-
tion. Importantly, this effect includes GR-mediated endogenous
gene expression in the natural chromatin context (28).

Several components of the SUMO cascade are involved in GR-
dependent transcription. It has been reported that Ubc9 binds to
GR (29) and alters GR transactivation in a manner that is inde-
pendent of its SUMOylation activity (30, 31). In addition, mem-
bers of the PIAS (protein inhibitor of activated STAT) family of
SUMO E3 ligases have also been described to regulate GR-directed
transcription (32, 33).

It has been reported that the LBD SUMOylation site (K721)
only marginally influences GR SUMOylation (11), and there is
little evidence for the relevance of this site on GR-mediated tran-
scription (11). Nevertheless, small changes in the GR LBD can
alter the activity of bound cofactors without modifying cofactor
binding, highlighting the impact of modifications in the LBD on
GR transcriptional activity (34, 35). Considering that the third
SUMOylation site is located within the LBD and knowing that
RSUME is a SUMOylation enhancer, we decided to investigate the
role of RSUME on GR transcriptional activity and to dissect the
possible implication of the K721 site on this regulation.

In the present work, we demonstrate that RSUME increases
GR SUMOylation and transcriptional activity and that K721 is
critical for the RSUME effect, showing that this third site of the GR
has a positive action on its activity. In addition, we show that both
mutation of K721 and knocking down of RSUME compromise
coactivator GRIP1-mediated GR activation. We further demon-
strate that RSUME is a key regulator of heat shock-induced GR
SUMOylation. Thus, RSUME plays an important role in GR-me-
diated transcription, modulating the cellular outcome to GC ex-
posure and uncovering the positive action of the SUMO site on the
GR over the negative ones.

MATERIALS AND METHODS

Cell culture and transfections. COS7, A549, HEK293T, and HeLa cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM; pH 7.3)
supplemented with 10% fetal bovine serum (FBS), 2.2 g/liter NaHCO3, 10
mM HEPES, 4 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin. For luciferase assays and small interfering RNA (siRNA),
reverse transcription-quantitative PCR (RT-qPCR), protein half-life, and
immunofluorescence experiments, cells were transfected with Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA). For SUMOylation analysis,
immunoprecipitation, and pulldown assays, the polyethylenimine (Poly-
sience, Inc.) reagent was used.

Plasmids and siRNAs. The following plasmids used in this work were
previously described, as indicated: the V5-tagged RSUME and V5-
RSUME mutant (Y61A/P62A) expression vectors (20); the Rous sarcoma
virus (RSV)-driven expression vectors for rat GR wild type (wt) (p6RGR)
and SUMOylation mutants p6RGR K297/313R (2K/R), p6RGR K297/
313/721R (3K/R), and p6RGR K721R (25); and the hemagglutinin (HA)-
tagged version of wild type (HA-p6RGR), the SC mutant (HA-p6RGR
K297R/K313R), and the reporter pA(TAT),-Luc, which harbors four
copies of a minimal GRE from the tyrosine aminotransferase gene (TAT)
(8). The following plasmids were kindly provided: pEGFP-SUMO1(GG),
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pEGFP-SUMO1(GA) (26), and GRIP1 (36) were provided by Jorma Pal-
vimo; pSG5-HA-GRIP1 was obtained from Michael Stallcup (37);
pcDNA3.1-HA-SUMO2, V5-Ubc9, and 6 X His-tagged SUMO?2 (6 X His-
SUMO?2) were provided by Ronald Hay (38-40); yellow fluorescent pro-
tein (YFP)-labeled SUMO2 (YFP-SUMO2) was provided by Mary Dasso
(41); and the TK-(GRE),-Luc reporter was provided by Dietmar Spengler
(42). To generate glutathione S-transferase (GST)-labeled RSUME (GST-
RSUME), human RSUME ¢DNA was amplified by PCR and cloned into
the BamHI-Xhol sites of pGEX-4T3 (GE Healthcare). The PGEX-4T3
vector was used to express GST. For knockdown experiments, siRNA
duplexes were transfected at 20 nM. The siRNA sequences targeting
RSUME or scramble are described elsewhere (20). siRNA targeting lucif-
erase mRNA was used as a scramble in the experiments whose results are
presented in Fig. 6 (43). The siRNA sequence targeting Ubc9 mRNA was
5'-GAGGCUUGUUUAAACUACGGAUGCU-3'".

Luciferase assays. COS7 cells (3 X 10*/well) were seeded onto 24-well
plates and transfected 24 h later with the indicated amount of expression
plasmids or siRNA. The total amount of DNA was 0.3 pg/well. After 24 or
48 h (see Fig. 2B, 3A, 5B, and 6G), cells were incubated with medium
containing 2% charcoal-stripped, steroid-free FBS with either 10 nM
dexamethasone (Dex; Sigma Chemical Co., St. Louis, MO) or vehicle.
Cells were lysed 8 h later (and 16 h later, for the experiments whose results
are presented in Fig. 4D), and luciferase and B-galactosidase (B-Gal) ac-
tivities were determined according to the manufacturer’s instructions
(Promega, Madison, WI). For the experiments whose results are pre-
sented in Fig. 5B and C, the total amount of protein in cell lysates was
determined using a NanoDrop 2000 spectrophotometer (Thermo Scien-
tific, Rockford, IL). To calculate transcriptional activity, each value was
relativized to that for wt GR with Dex, and the mean = standard error of
the mean (SEM) of these values is shown.

Immunoprecipitation. COS7 cells (1 X 10°) were seeded in 10-cm
cell culture dishes and transfected 24 h later with the indicated plasmids.
The total amount of DNA was 18 g per dish. At 48 h posttransfection,
cells were incubated with medium containing 2% charcoal-stripped, ste-
roid-free FBS with 10 nM Dex (Sigma Chemical Co., St. Louis, MO) for 2
h. Cells were lysed in 1 ml of lysis buffer (50 mM Tris-HCI, pH 7.4, 1 mM
EGTA, 1% NP-40, 150 mM NaCl, 2 mM orthovanadate, 1 mM phenyl-
methylsulfonyl fluoride, 1X protease inhibitor cocktail [Roche Diagnos-
tics, Mannheim, Germany]) and incubated with rotation for 30 min at
4°C. For the experiments whose results are presented in Fig. 6F, cells were
lysed in buffer A (see below) containing 0.1% SDS. After centrifugation
for 20 min at 4°C, supernatants were used immediately for immunopre-
cipitation. For the experiments whose results are presented in Fig. 6F, 1
mM dithiothreitol (DTT) was added before immunoprecipitation. After
preclearing of the lysates with protein A-Sepharose beads (Sigma Chem-
ical Co., St. Louis, MO), 1 pg of anti-V5 (Abcam, Cambridge, United
Kingdom), anti-GR (Santa Cruz Biotechnology, Santa Cruz, CA), or anti-
HA, as indicated in each figure, plus 30 wl of protein A-Sepharose (Sigma
Chemical Co., St. Louis, MO) was used. After an overnight incubation at
4°C (1 h for the experiments whose results are presented in Fig. 6F), beads
were washed three times with lysis buffer and once with phosphate-buff-
ered saline (PBS). Immunoprecipitates were resuspended in 2X Laemmli
sample buffer.

Recombinant proteins. GST and GST-Ubc9 (20) were expressed in
Escherichia coli M15(pREP4) and GST-RSUME was expressed in E. coli
BL21(DE3) Rosetta by induction with 0.5 mM isopropyl-B-p-thiogalac-
topyranoside and purified with glutathione-Sepharose 4B beads (GE
Healthcare). Proteins were analyzed by SDS-PAGE with Coomassie R-250
staining for quantity and purity and Western blotting.

GST pulldown assays. HEK293T cells (3 X 10°) were seeded in 10-cm
cell culture dishes and transfected 24 h later with the indicated plasmids.
The total amount of DNA was 12 pg/dish. At 48 h posttransfection, cells
were treated as described for immunoprecipitation. Lysates were prepared
in 1 ml of lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM KCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM B-glycerophosphate, 10%
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glycerol, 1 X Complete protease inhibitor [Roche Diagnostics, Mann-
heim, Germany]) and incubated with rotation for 30 min at 4°C. After
centrifugation for 20 min at 4°C, supernatants were used immediately for
pulldown assays. After a preclearance step with 2 g GST plus glutathio-
ne-Sepharose beads, lysates were incubated with 2 pg of the correspond-
ing GST-tagged recombinant protein (or GST alone as a control) for 1 h at
4°C. After extensive washing, elution was performed with 2X Laemmli
sample buffer.

RT-qPCR analysis. A549 cells (3 X 10°/well or 1.5 X 10°/well) (see
Fig. 2D) were plated in 6-well plates and transfected with the plasmids
specified in each figure or siRNA. The total amount of DNA was 2 pg/well.
Forty-eight hours (see Fig. 2C and F) or 72 h (see Fig. 2D) later, cells were
treated with 100 nM Dex or vehicle, as indicated, in medium containing
2% charcoal-stripped, steroid-free FBS. Total RNA was isolated from
samples by the guanidinium isothiocyanate phenol-chloroform extrac-
tion method, and 1 pg was reverse transcribed using Moloney murine
leukemia virus reverse transcriptase (Promega, Madison, WI) in the pres-
ence of RNasin RNase inhibitor (Promega, Madison, WI) for 1 h at 37°C.
cDNAs were amplified using Tag DNA polymerase (Invitrogen, Carlsbad,
CA) with SYBR green and an Eppendorf Mastercycler and analyzed with
Realplex software. The primer sequences used to amplify FKBP51 variant
1 and S100P were described elsewhere (44). HSPCB was used as a house-
keeping gene with the following primers: 5'-CCAAAAAGCACCTGGAG
ATCA-3" (forward) and 5'-TGTCGGCCTCAGCCTTCT-3" (reverse).
For the analysis of RSUME mRNA knockdown, semiquantitative PCR
analysis was performed with the primers described previously (20). Ali-
quots were taken at cycles 22, 24, 26, 28, 30, and 35 to ensure that the
samples were in the linear range of amplification. Amplified products
were electrophoresed in a 1.5% agarose gel and stained with ethidium
bromide.

Western blotting and antibodies. After treatments, cells were washed
with ice-cold PBS and lysed in Laemmli sample buffer. Whole-cell lysates
were sonicated, heated to 95°C for 5 min, and cooled on ice. Protein
samples were resolved by SDS-PAGE and transferred to nitrocellulose
membranes for immunoblotting. Membranes were blocked in 5% nonfat
dry milk in Tris-buffered saline supplemented with 0.1% Tween 20 and
probed overnight at 4°C with the primary antibodies listed below. After
washing, membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies (Bio-Rad Laboratories, Hercules, CA). When
V5-RSUME levels from anti-V5 immunoprecipitates were analyzed,
membranes were developed using a TrueBlot kit (eBioscience, San Diego,
CA). Membranes were developed using the enhanced chemiluminescence
reagent Super Signal West Dura (Thermo Scientific, Rockford, IL). The
primary antibodies used were anti-HA.11 (clone 16B12; Covance, Madi-
son, WI), anti-V5 (ab9116; Abcam, Cambridge, United Kingdom),
anti-GR (M20 sc-1004; Santa Cruz Biotechnology, Santa Cruz, CA), and
anti-B-actin (sc-47778; Santa Cruz Biotechnology, Santa Cruz, CA). Anti-
SUMO?2 (45) and anti-Ubc9 antibodies were kindly provided by Ronald
Hay. Western blots were quantified using the publicly available Image]J
1.43u software (NIH, Bethesda, MD). The experiments shown are repre-
sentative of at least three independent experiments with similar results.

SUMOylation experiments. COS7 cells (1.6 X 10°/well) were seeded
onto 6-well plates and transfected 24 h later with the indicated plasmids.
The total amount of DNA was 3 wg/well. At 48 h posttransfection, cells
were incubated with medium containing 2% charcoal-stripped, steroid-
free FBS with 10 nM Dex (Sigma Chemical Co., St. Louis, MO) for 2 h.
Cells were harvested in 2X Laemmli sample buffer containing 20 mm
N-ethylmaleimide (Sigma Chemical Co., St. Louis, MO) and analyzed by
SDS-PAGE and Western blotting.

For heat shock treatment, COS7 cells (3 X 10%/well) were seeded onto
24-well plates and transfected 24 h later with the indicated plasmids and
siRNA. The total amount of DNA was 0.3 pg/well. At 48 h posttransfec-
tion, cells were incubated with medium containing 2% charcoal-stripped,
steroid-free FBS with 10 nM Dex (Sigma Chemical Co., St. Louis, MO) for
2 h. For the last 30 min of stimulation, cells were transferred to a 42°C
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water bath or maintained at 37°C. Cells were harvested in 2X Laemmli
sample buffer containing 20 mm N-ethylmaleimide (Sigma Chemical Co.,
St. Louis, MO) and analyzed by SDS-PAGE and Western blotting.

For 6XHis-SUMO2 conjugate purification, COS7 cells (1.10%/well)
were transfected in 10-cm dishes with the indicated plasmids. The total
amount of DNA was 18 pg/dish. After 48 h, cells were treated with 10 nM
Dex (Sigma Chemical Co., St. Louis, MO) for 2 h and 6 XHis-SUMO?2
conjugates were purified under denaturing conditions using Ni-nitrilotri-
aceticacid (NTA) agarose beads (Qiagen, Valencia, CA). Briefly, cells were
lysed in 6 M guanidine-HCI, 100 mM Na,HPO,-NaH,PO,, 10 mM Tris-
HCI, 10 mM iodoacetamide, 5 mM imidazole, pH 8. Fifty microliters of
Ni-NTA agarose beads was added, and after incubation for 4 h at room
temperature, beads were sequentially washed with buffer A (8 M urea, 100
mM Na,HPO,-NaH,PO,, 10 mM Tris-HCI, 10 mM iodoacetamide, 5
mM imidazole, pH 8), buffer B (8 M urea, 100 mM Na,HPO,-NaH,PO,,
10 mM Tris-HCI, 0.2% Triton X-100, 10 mM iodoacetamide, 5 mM im-
idazole, pH 6.3), and buffer C (8 M urea, 100 mM Na,HPO,-NaH,PO,,
10 mM Tris-HCI, 0.1% Triton X-100, 10 mM iodoacetamide, 5 mM im-
idazole, pH 6.3). Elution was performed with 150 mM Tris-HCI, pH 6.7,
5% SDS, 200 mM imidazole, 30% glycerol, and 720 nM (3-mercaptoeth-
anol for 20 min at room temperature, and after centrifugation, the super-
natant was directly analyzed by SDS-PAGE and Western blotting.

For protein half-life experiments, COS7 cells (3 X 10*well) were
placed onto 24-well plates and transfected 24 h later with the indicated
plasmids. At 48 h posttransfection, cells were incubated with medium
containing 2% charcoal-stripped, steroid-free FBS containing (10 .g/ml)
cycloheximide and 10 nM Dex. Cells were harvested at different times
points, as indicated, in 2X Laemmli sample buffer and analyzed by SDS-
PAGE and Western blotting.

In vitro deSUMOylation assay. COS7 cells were transfected as indi-
cated above and lysed in 800 pl of lysis buffer A (20 mM Tris-HCI, pH 8,
400 mM NaCl, 1 mM EDTA, 1% NP-40, 20 mM N-ethylmaleimide
[Sigma Chemical Co., St. Louis, MO], 1X protease inhibitor cocktail
[Roche Diagnostics, Mannheim, Germany]). Cleared lysates were made
to 1 mM DTT and immunoprecipitated with anti-HA antibody for 1 h.
Complexes were recovered with protein A-Sepharose beads over 1 h.
Beads were washed two times with 1 ml of buffer B (buffer A containing
150 mM NaCl) and once with the deSUMOylation reaction buffer (20
mM Tris-HCI, pH 8, 150 mM NaCl, 2 mM DTT). GST-tagged human
recombinant SENP2 (catalytic domain, amino acids 368 to 549; Enzo Life
Sciences, Inc., NY) was added, and the mixture was incubated at 30°C for
1 h. Reactions were stopped by addition of 1 volume of Laemmli sample
buffer, and each sample was examined for deSUMOylation by SDS-PAGE
and Western blotting with an anti-HA antibody.

In vitro SUMOylation assay. HA-tagged wt and K297/313R GR im-
munoprecipitates from transiently transfected COS7 cells were subjected
to the in vitro SUMOylation assay. Briefly, HA-tagged GRs were incubated
in a total volume of 20 wl with 150 ng of SUMO E1, 500 ng of SUMO E2,
and 2 g of SUMO?2 (Enzo Life Sciences, Inc., NY) in a buffer containing
20 mM HEPES, 110 mM K acetate, 2 mM Mg acetate, 0.5 mM EGTA,
0.05% Tween 20, and 0.2 mg/ml ovalbumin. Reaction mixtures were in-
cubated either with or without an ATP-regenerating system (50 mM Tris,
pH 7.6, 5 mM MgCl,, 2 mM ATP, 10 mM creatine phosphate, 3.5 U/ml of
creatine kinase, 0.6 U/ml of inorganic pyrophosphatase) for 3 h at 30°C.
After terminating the reactions with SDS sample buffer, the products were
fractionated by SDS-PAGE and subject to Western blotting with an
anti-HA antibody.

Immunofluorescence analysis. HeLa cells (2 X 10%) were seeded on
glass coverslips in 6-well plates and transfected with YFP-SUMO?2 and
V5-RSUME 24 h after plating. The total amount of DNA was 2 pg/well.
Forty-six hours later, cells were stimulated with 10 nM Dex for 2 h, and in
the last 30 min, cells were transferred to a 42°C water bath. Cells were fixed
in 4% paraformaldehyde and permeabilized in 0.5% Triton X-100 in PBS.
Cells were blocked with 1% FBS in PBS for 1 h. Afterward, cells were
incubated with the primary antibody (anti-V5) for 1 h in blocking buffer.
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FIG 1 RSUME enhances GR SUMOylation. (A) Modular structure of the GR, N-terminal domain (NTD), DNA-binding domain (DBD), hinge region (HR),
and ligand-binding domain (LBD). The three SUMO (S) attachment sites of rat GR are depicted. (B) COS7 cells were transfected with HA-p6RGR (1 p.g) in the
presence of wt or conjugation-deficient (GA) GFP-SUMOL (1 pg) either with or without wt V5-RSUME or the RSUME Y61A/P62A mutant (mut) expression
vector (1 pg). Cells were stimulated with 10 nM Dex 46 h after transfection and harvested 2 h later. Western blots (WB) were quantified using ImageJ software;
GR SUMOylation, SUMOylation for GR-GFP-SUMOL relative to that for unmodified GR. (C) COS?7 cells were transfected with the wt HA-p6RGR (6 pg) and
6XHis-SUMO?2 (6 pg) expression vectors. Cells were stimulated with 10 nM Dex or vehicle 46 h after transfection and harvested 2 h later. Immunoprecipitation
(IP) was performed with an anti-HA antibody, and the immunoprecipitate was incubated with recombinant GST-SENP2 (1 pg). (D) COS7 cells were transfected
with V5-RSUME (6 pg) and HA-p6RGR (6 g). Cells were stimulated with 10 nM Dex 46 h after transfection and harvested 2 h later for immunoprecipitation.
(E) COST7 cells were transfected with the p6RGR (1 pg) and V5-RSUME (wt) expression vectors (1 ng). Cells were stimulated with 10 nM Dex or vehicle 46 h after
transfection and harvested 2 h later for Western blotting. (F) HEK293T cells were transfected with HA-p6RGR (6 pg) either with or without V5-RSUME (6 .g)
or the Y61A/P62A mutant (6 g), and lysates were incubated with 2 ug GST or GST-Ubc9, followed by pulldown. HA-p6RGR binding to GST-Ubc9 was analyzed
with an anti-HA antibody. The experiments shown are representative of four independent Western blots with similar results.

After washing with PBS, cells were incubated with Alexa Fluor 647-con-
jugated secondary antibody (Invitrogen, Carlsbad, CA) for another hour.
Cells were extensively washed with PBS and mounted. The slides were
examined using an FV300 BX61 laser-scanning confocal fluorescence mi-
croscope (Olympus, Melville, NY). Images were acquired with the Flu-
oview analyzer program.

Statistical analyses. Statistical analyses were performed by analysis of
variance (ANOVA) in combination with Scheffé’s test. Data are shown as
the mean = SEM. Experiments were performed at least in triplicate. For
the experiments whose results are shown in Fig. 4D, statistics were per-
formed by analysis of covariance (ANCOVA).

RESULTS

RSUME stimulates GR SUMOylation. To address the role of
RSUME on GR SUMOylation, COS7 cells were cotransfected with
GR and the green fluorescent protein (GFP)-SUMO!1 expression
vector either with or without RSUME. As shown in Fig. 1B, GRis
SUMOylated by GFP-SUMOI and is not by a mutated GFP-
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SUMOL1 (GA) that is incapable of conjugating to proteins. More
interestingly, RSUME overexpression increases GR SUMOylation,
and mutation of the RWD domain (Y61A/P62A), known to abol-
ish RSUME’s SUMO conjugation enhancer activity (20), com-
pletely inhibits the stimulatory effect on GR SUMOylation (Fig.
1B). By performing an in vitro deSUMOylation assay using
SENP2, we confirmed that the slower-migrating bands observed
upon SUMO expression are indeed SUMO-GR conjugates (Fig.
1C). Moreover, coimmunoprecipitation assays showed that
RSUME interacts with GR under constitutive or Dex stimulation
conditions (Fig. 1D). Dex treatment also did not modify the
RSUME stimulatory effect on GR SUMOylation (Fig. 1E). In or-
der to start to address the mechanism by which RSUME increases
GR SUMOylation, we tested the hypothesis that RSUME regulates
GR-Ubc9 interaction. GST pulldown assays were performed using
GST-Ubc9 and lysates from HEK293T cells that had been cotrans-
fected with GR either with or without RSUME or RSUME mutant
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Y61A/P62A. RSUME increased the GR-Ubc9 interaction and
Y61A/P62A did not (Fig. 1F), while increasing the RSUME con-
centration enhanced the interaction (see Fig. S1 in the supplemen-
tal material). Taken together, these results show that RSUME in-
creases GR SUMOylation and this effect depends on the integrity
of RSUME‘s RWD domain.

RSUME increases GR transcriptional activity. To examine
the role of RSUME on GR transcriptional activity, COS7 cells
(lacking endogenous GR) were transfected with a GR expression
vector, the pA(TAT),-Luc construct bearing four tandem GREs,
either with or without RSUME. As shown in Fig. 2A, RSUME
stimulated GR-dependent transcription. The effect of RSUME
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was not cell line dependent, as similar results were obtained in
EL-4, CV-1, and HelLa cells (data not shown). In order to evaluate
the effect of endogenous RSUME on GR-directed transcription,
COS7 cells were transfected as described above, in combination
with a specific siRNA targeting RSUME mRNA. Interestingly, GR-
dependent transcription was attenuated in RSUME-depleted cells
(Fig. 2B). We further analyzed the role of RSUME on endogenous
GR-responsive genes. We performed RT-qPCR in A549 cells to
examine the Dex-induced expression of FKBP51 and S100P,
known GR target genes (44). As shown in Fig. 2C and D, RSUME
overexpression led to enhanced FKBP51 and S100P expression.
On the contrary, knocking down endogenous RSUME by siRNA
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led to a significant inhibition of Dex-induced FKBP51 expression
(Fig. 2E). Basal activities of GR did not drop following RSUME
knockdown, probably because of the remaining activity of endog-
enous RSUME (as shown in the semiquantitative PCR). These
experiments indicate that endogenous RSUME plays a regulatory
role in the endogenous GR transcriptional program.

Having shown that RSUME increases both the SUMOylation
and transcriptional activity of GR, we further evaluated whether
the SUMOylation-enhancing activity of RSUME is responsible for
stimulating GR-mediated transcription. As shown in Fig. 2F,
RSUME increased GR transcriptional activity to the same extent
as Ubc9, while the RSUME RWD mutant (Y61A/P62A) had no
effect. Overexpression of Y61A/P62A inhibited Dex-induced
FKBP51 mRNA expression (Fig. 2G). Altogether, these results
demonstrate that RSUME modulates GR responses in the natural
context and that the RSUME effect on GR-directed transcription
is dependent on its SUMO enhancer activity.

The RSUME effect on GR transcriptional activity is indepen-
dent of the NTD SUMOylation sites. Since the RSUME effect on
GR-mediated transcription depends on its SUMOylation en-
hancer activity, we decided to test the relevance of the different
GR sumoylation sites in this regulation. In agreement with
previous results, mutation of the two NTD SUMOylation sites
within GR (K297/313R, designated 2K/R) led to enhanced
transcriptional activity (Fig. 3A). Regardless of this increased
transcriptional activation, RSUME overexpression was still
able to increase 2K/R GR activity (Fig. 3A). Knocking down
endogenous Ubc9 by siRNA inhibited both RSUME-mediated
GR and 2K/R transcriptional stimulation (Fig. 3A), further
confirming that this action of RSUME is due to SUMOylation.
The remaining action of RSUME might have been related to the fact
that there were still residual levels of Ubc9 (Fig. 3A, Western blot).
Moreover, as shown in Fig. 3B, GST pulldown experiments demon-
strated that RSUME interacts both with wild-type GR and also with
2K/R GR. Since SUMO conjugation occurred not only in the two
NTD sites within the GR, we tested whether RSUME enhances 2K/R
GR mutant SUMOylation. Figure 3C shows that RSUME enhanced
not only SUMOylation of wild-type GR but also that of the 2K/R
mutant. By performing an in vitro de-SUMOylation assay using re-
combinant SENP2, we confirmed that the slower-migrating bands
observed in the 2K/R mutant upon SUMO and Ubc9 expression were
indeed SUMO-GR conjugates (Fig. 3D). The decreased remaining
band after SENP2 treatment was not a product of the immunopre-
cipitation because it was similarly present in the input. In addition,
2K/R SUMOylation was demonstrated by means of an in vitro
SUMOylation assay (see Fig. S2 in the supplemental material). Alto-
gether, these results indicate that the RSUME transcriptional effect is
actually due to SUMOylation and that RSUME acts on GR indepen-
dently of the two NTD SUMOylation sites, pointing to the LBD
SUMO attachment site K721 as the relevant one.

The RSUME effect on GR transcriptional activity depends on
K721. We then analyzed the effect of RSUME on GR SUMOylation
when K721 was mutated to arginine to maintain the basic charge
but inhibit SUMO attachment. COS7 cells were cotransfected
with either the wild-type GR or the 2K/R, K297/313/721R (3K/R),
or K721R GR mutant together with HA-SUMO2 in the presence
or absence of RSUME. As shown in Fig. 4A, while RSUME en-
hanced wt, 2K/R, and K721R GR SUMOylation, it was not able to
increase SUMO conjugation to 3K/R GR. These results indicate
that RSUME is able to stimulate SUMO conjugation to all three
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GR SUMOgylation sites. Since SUMO attachment to NTD or LBD
sites had opposite effects, RSUME could function as a molecular
switch of the negative to positive action of SUMO conjugation
to GR.

Since the NTD sites are not acting in positive RSUME-medi-
ated GR transcriptional regulation, the effect of RSUME on GR
transcriptional activity most likely involves SUMO conjugation to
this LBD site. Indeed, while RSUME increased wt and 2K/R GR
transcription, it was not able to activate transcription driven
by either the K721R or the 3K/R GR mutant, where the K721
SUMOylation site is absent (Fig. 4B). The effect of RSUME on GR
transcriptional activity of the wild type and all GR SUMOylation
mutants (2K/R, K721R, and 3K/R) was not due to differences in
the amounts of expressed receptor protein levels, as assessed by
Western blotting (Fig. 4C). We then assessed if SUMOylation at
the K721 residue alters the stability of the receptor. COS7 cells
were transfected with either wt GR or the K721R mutant and
treated with Dex in the presence of the protein synthesis inhibitor
cycloheximide. As shown in Fig. S3A in the supplemental mate-
rial, the wild type and the K721R GR SUMOylation mutant have
similar half-lives. We also tested if SUMOylation affects the Dex
50% effective concentration (ECs,) of GR in COS7 cells tran-
siently transfected with the wild-type GR expression vector or the
2K/R, 3/KR, or K721R SUMOylation mutant. Figure S3B in the
supplemental material shows that the Dex dose-response curves
for the wt and the 2K/R, 3K/R, and K721R GR SUMOylation
mutants have similar EC5,s without statistically significant differ-
ences between them (ECggs, 1.7e =9 M, 9.76e—10 M, 1.25e—9 M,
and 1.49 e—9 M, respectively). These results show that although
2K/R and 3K/R GRs have higher transactivation activities than the
wt GR, SUMOylation of GR does not affect the EC5, of the recep-
tor. Together, these results demonstrate that the SUMO attach-
ment site within the GR LBD is critical for the positive effect of
RSUME on GR transcriptional activity.

The coactivator GRIP1 is involved in the regulation of GR
transcriptional activity by RSUME. Small changes in the GR LBD
can alter the activity of the bound cofactor without modifying
cofactor binding (34). We tested the relationship of RSUME and
the K721 site of the GR and GRIP1’s coactivator activity. As shown
in Fig. 5A, RSUME interacts with GRIP1. To explore the func-
tional consequences of the RSUME-GRIP1 interaction on GR’s
transcriptional activity, we performed transactivation assays. No-
tably, downregulation of RSUME expression by siRNA reduced
GRIP1’s effect on GR-dependent transcription (Fig. 5B). Also,
since the third SUMOylation site of the GR, K721, is located in the
LBD, we speculated that K721 could be involved in the activity of
the GR coactivator. To address this, we analyzed GRIP1’s coacti-
vator activity on the K721R mutant. Most strikingly, as shown in
Fig. 5C, mutation of the K721 SUMOylation site in the LBD in-
hibited GRIP1 coactivator activity, even though mutation in K721
did not disrupt the GRIP1-GR interaction (Fig. 5D). The fact that
knocking down RSUME or mutating K721 affected the stimula-
tory GRIP1 activity suggests that the action of RSUME on the
positive K721 site involves the modulation of GRIP1 coactivator
activity.

RSUME is required for heat shock-induced SUMO conjuga-
tion to GR. In the quest for a physiological scenario in which RSUME
could regulate GR SUMOylation, we realized that heat shock leads to
the induction of RSUME (20) and also GR SUMOylation (17, 18). It
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FIG 3 RSUME regulates GR transcriptional activity independently of the two N-terminal SUMO conjugation sites. (A) COS7 cells were transfected with
PA(TAT),-Luc (60 ng) together with the wt or the two site SUMOylation-deficient pRGR K297/313R mutants (10 ng) with either RSUME or the empty (100
ng) expression vector and with 20 nM siRNA directed against Ubc9 or scramble siRNA. A plasmid carrying RSV—f3-Gal (60 ng) was used as a control. At 48 h after
transfection, cells were stimulated with 10 nM Dex or vehicle (basal) for 8 h and luciferase activity was measured in cell extracts. Each value was normalized to
{3-galactosidase activity, and results are expressed as the mean = SEM of triplicates of one representative experiment from three independent experiments with
similar results. The activity of GR with Dex was set equal to 1. *, P < 0.05 compared with the corresponding cells transfected with the p6RGR wt plus the RSUME
empty vector, RSUME, or the p6RGR 2K/R mutant plus the RSUME empty vector stimulated with Dex; **, P < 0.01 compared with cells transfected with the
p6RGR 2K/R mutant plus RSUME stimulated with Dex (ANOVA with Scheffé’s test). (Right) Cell extracts stimulated with Dex were subjected to Western
blotting with anti-Ubc9 antibody or anti-B-actin. (B) HEK293T cells were transfected with wild-type HA-p6RGR (6 g) or the HA-p6RGR K297/313R mutant
(6 pg). Cells were harvested at 48 h after transfection and at 2 h after stimulation with 10 nM Dex for pulldown. (C) COS7 cells were transfected with wt p6RGR
(6 ng) or the p6RGR 2K/R mutant (6 pg) and 6 XHis-SUMO?2 (6 pg) either with or without V5-RSUME (6 pg). Cells were harvested at 48 h after transfection
and at 2 h after stimulation with 10 nM Dex. An aliquot of the lysates was directly analyzed by Western blotting (input), and the remainder was used for Ni**
affinity chromatography to purify 6 XHis-SUMO2 conjugates (Ni-NTA). Short and long exposures of the Western blots are shown and were quantified using
Image]J software; GR SUMOylation, results for wt or the 2K/R GR-6 X His-SUMO2 mutant relative to those for unmodified wt or the GR 2K/R mutant are shown.
(D) COS7 cells were transfected with the HA-p6RGR 2K/R (6 pg), 6 XHis SUMO?2 (6 pg), and V5-Ubc9 (6 g) expression vectors. Cells were stimulated with
10 nM Dex at 46 h after transfection and harvested 2 h later. Immunoprecipitated proteins were incubated with recombinant GST-SENP2 (1 pg). The
experiments shown are representative of three independent Western blots with similar results.

has been reported that during heat stress SUMO2 accumulates in
discrete intranuclear granules. We examined the subcellular localiza-
tion of RSUME by immunofluorescence analysis during heat stress.
As shown in Fig. $4 in the supplemental material, RSUME is present
in SUMO?2 granules. In order to analyze whether endogenous
RSUME is involved in the heat shock-induced GR SUMOylation,
COS7 cells were transfected with HA-tagged GR and 6X His-tagged
SUMO?2 expression vectors in combination with a RSUME tar-
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geting siRNA (20). As shown in Fig. 6A, heat shock-triggered
GR SUMOylation was attenuated when RSUME was knocked
down. Interestingly, heat shock treatment increased not only
wild-type GR SUMOylation but also 2K/R GR SUMOylation.
Most importantly, siRNA against RSUME diminished heat
shock-triggered SUMO conjugation to the 2K/R GR mutant
(Fig. 6B). Next, we investigated if endogenous SUMO conju-
gation to GR is affected by heat stress. As shown in Fig. 6C,

Molecular and Cellular Biology


http://mcb.asm.org

Regulation of GR Activity by RSUME

A GR: wt 2KIR 3K/IR K721R
HA-SUMO2: + + + +
V5-RSUME: - + -+ -+ - o+
| GR-HA-SUMO2
o8 3 Vectors
H EE RSUME
$
io.d
g
2
x0.2
[C]
Pr———— 0.0
| . . {1 GR 2KR 3KIR  K721R
[ [ | [ ][ | -2ct
WB B-actin
B 15-
[ Basal
2 Bl Dex
2~ .
H O 104
E =]
83
g5
& 5
o —
3 *
-l
0-
&« ¢ & & & ¢
PR G g & S
<& 2 Q<
x Q:( q. Q.‘
& SN
M o &
c GRWt: + + - - - - - -
GR2K/IR: - - + + - =« - -
GRK721R: - - - =« 4 + - -
GR3K/IR: - - - == =« =« + +
V5-RSUME: - + - + - + - +

RSUME

B-actin

WB B-actin

FIG 4 RSUME effect on GR transcriptional activity depends of K721. (A) COS7 cells were transfected with wt or 2K/R, 3K/R, or K721R mutant p6RGR (1 j.g)
and HA-tagged SUMO?2 (1 pg) either with or without V5-RSUME (1 pg). Cells were harvested at 48 h after transfection and 2 h after stimulation with 10 nM Dex.
Western blots were quantified using Image] software; GR SUMOylation, results for wt or 2K/R, 3K/R, or K721R mutant GR-HA-SUMO?2 relative to those for the
unmodified wt or 2K/R, 3K/R, or K721R mutant GR are shown. (B) COS7 cells were transfected with the pA(TAT) ,-Luc reporter plasmid (60 ng) together with
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were transfected under the same conditions described in the legend to panel B. At 24 h after transfection, cells were stimulated with 10 nM Dex for 8 h and cell
extracts were subjected to Western blotting. The experiments shown are representative of three independent Western blots with similar results.

hyperthermic stress stimulated endogenous SUMO conjuga- firmed that the bands lost upon RSUME knockdown corre-

tion to GR. Notably, downregulation of RSUME expression by
siRNA reduced this effect, and, on the contrary, RSUME over-
expression potentiated heat shock-mediated endogenous
SUMO conjugation to the GR (Fig. 6C). Moreover, immuno-
precipitation of GR followed by anti-SUMO?2 blotting con-
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spond to endogenous GR SUMOylation (Fig. 6E). Increased
GR transcriptional activity during the heat shock is shown in
Fig. 6F. This effect was abolished by siRNA directed against
RSUME, indicating that RSUME is involved in GR-mediated
transcription upon heat stress (Fig. 6F).
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of pS6GR with Dex was set equal to 1.¥, P < 0.05 compared with cells transfected with GRIP1 plus scramble siRNA (B) or GRIP1 plus pS6GR wt (C) stimulated

with Dex (ANOVA with Schefté’s test). The experiments shown are representative of five independent Western blots with similar results.

DISCUSSION

In the present work, we demonstrate that the SUMOylation en-
hancer RSUME is a novel regulator of GR transcriptional activity.
RSUME interacts with GR and increases its SUMOylation and
transcriptional activity in an RWD domain-dependent manner,
pointing to SUMO conjugation as the cause for transcriptional
stimulation. This functional link was demonstrated in reporter
gene assays and on endogenous targets. Knocking down RSUME
by siRNA leads to inhibition of FKBP51 expression, proving that
endogenous RSUME plays an important role in GR transcrip-
tional activity. Interestingly, RSUME action on GR-dependent
transcription is independent of SUMO attachment to the N-ter-
minal sites K297 and K313. On the contrary, RSUME-mediated
GR SUMOylation at K721 is responsible for the consequent tran-
scriptional regulation. In the same line, we show that mutation of
K721 or siRNA against RSUME impairs GRIP1-mediated activa-
tion of GR transcription. Also, we demonstrate that RSUME,
whose expression is induced under stress conditions, is a key fac-
tor in heat shock-induced GR SUMOylation. Altogether, we show
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that the presence of a SUMOylation enhancer, such as RSUME,
uncovers a positive role for the LBD SUMOylation site on GR-
mediated transcription. This third site could become relevant in a
scenario of increased RSUME expression, such as under cellular
stress conditions, in which RSUME can function as a molecular
switch of the negative to positive action of SUMO conjugation to
the GR.

Several reports have addressed the relevance of SUMO conju-
gation to nuclear receptors (NRs) in regulating their transcrip-
tional output. The most-studied NRs are the androgen receptor
(AR) and GR, which were among the first transcription factors
shown to be SUMOylated (11, 26). In both cases, the two main
sites of conjugation reside in the NTD (11, 26). One of the prom-
inent functional roles of SUMOylation in both AR and GR is to
mediate the regulatory effects of SC motifs. These motifs exert an
inhibitory effect and restrain the transcriptional activation of fac-
tors when stably bound to multiple, closely spaced response ele-
ments. It was demonstrated that SC motifs in GR and AR exert
their effects by serving as sites for SUMO modification (8, 11, 26,

Molecular and Cellular Biology


http://mcb.asm.org

Regulation of GR Activity by RSUME

A HA-GR: wt B HA-GR: IKIR —— C 6xHis-SUMO2: + + - - - - . .
6xHis-SUMO2: + + + + 6xHis-SUMO2: + + + + scramble: + + + o+ - - LR
scramble: + + - - scramble: + + - - siRNA RSUME: - - - -+ o+ - -
siRNA RSUME: - -+ o+ siRNA RSUME: - -+ o+ V5-RSUME: - - - - - - + o+
Heatshock: - + - + Heat shock: - + - + Heat shock: - + = * = * - *
| | er-sumo2
GR-SUMO2 GR-SUMO2
GR |
WB: HA (short)
GR GR
|GR—SUMO2
B-actin
H I i
WB: HA (long) WB: -actin |“| B-actin
- WB: B-actin
- B-actin ;
WB: B-actin
D < E F
s\* Input IP:HA 5-
) & [ Basal
‘é° S 37°C HS HS 37°C  HS HS 37°C  HS HS *
& & 2~ 4 EE Dex
LY > s0
33
GR-SUMO2 a3
RSUME g
- 29 2
" T X
T R .
prem Lol cm OF B
WB: B-actin siRSUME O O o &
By P R R
NZ 4
\@ & O S
o N & N
o & P &
o & ) B

FIG 6 RSUME is required for heat shock-induced SUMO conjugation to GR. (A) COS-7 cells were transfected with 20 nM siRNA directed against RSUME or
scramble siRNA together with wt HA-p6RGR or the HA-p6RGR 2K/R (100 ng) (B) and 6 XHis-SUMO?2 (100 ng) expression vectors. At 48 h posttransfection,
cells were stimulated with 10 nM Dex for 2 h, and in the last 30 min, cells were subjected to heat conditions (42°C for 30 min) or left untreated (37°C). Extracts
were subjected to Western blotting. Short and long exposures of Western blots are shown in panel A. (C) COS-7 cells were transfected with 20 nM siRNA directed
against RSUME or scramble siRNA, together with wt HA-p6RGR (100 ng) and the V5-RSUME (100 ng) or 6 XHis-SUMO2 (100 ng) expression vector, as
indicated. At 48 h posttransfection, cells were treated as described in the legends to panels A and B, and cells extracts were subjected to Western blotting. (D) COS7
cells were transiently transfected with the V5-RSUME (100 ng) expression vector in combination with 20 nM RSUME or scramble siRNA. After 48 h, cell extracts
were subjected to Western blotting with an anti-V5 antibody to confirm RSUME depletion. Membranes were probed with an anti-B-actin antibody as a loading
control. (E) COS7 cells were transfected with 20 nM siRNA directed against RSUME or scramble siRNA together with wt HA-p6RGR. At 48 h posttransfection,
cells were stimulated with 10 nM Dex for 2 h, and in the last 30 min, cells were subjected to heat conditions (42°C for 30 min, heat shock [HS]) or untreated (37°C)
and harvested for immunoprecipitation. Samples were analyzed by Western blotting with anti-HA or anti-SUMO?2 antibodies. Arrows, SUMO-modified GR
bands. The experiments shown are representative of three independent Western blots with similar results. (F) COS7 cells were transfected with a reporter plasmid
bearing two tandem GREs, TK-GREx2-Luc (100 ng) together with p6RGR (10 ng) and 20 nM siRNA directed against RSUME or scramble siRNA. At 48 h
posttransfection, cells were stimulated with 10 nM Dex or vehicle (basal) and subjected to 42°C for 1 h or untreated (37°C). Cells were harvested 7 h after recovery
at 37°C, and luciferase activity was measured. Each value was normalized to the protein content per well. The activity of GR with Dex was set equal to 1. *, P <
0.05 compared with the corresponding cells transfected with p6RGR wt plus scramble at 37°C or scramble heat shock stimulated with Dex (ANOVA with
Scheffé’s test). Results are expressed as the mean * SEM of triplicates of one representative experiment from three independent experiments with similar results.

28). As recently reported, not only is AR SUMOylation linked to
transcriptional repression, but also it affects the dynamics of AR-
chromatin interactions and activity in a target gene-specific man-
ner (46).

Interestingly, the functional effect of RSUME does not involve the
SC-motif SUMOylation sites within GR but instead requires a third
site located within the LBD, which has not been studied in detail until
now. Indeed, mutation of K721 abolishes the effect of RSUME on GR
transcriptional activity independently of SUMOylation at the NTD
sites, demonstrating the importance of K721 as a positive element
of GR activity. Thus, it is expected that other factors that favor
SUMO conjugation will underscore a positive role of the third
SUMOylation site on GR-dependent transcription. The GR mu-
tant with the mutation in humans that is equivalent to K721R in
the rat, K703R, consistently shows lower activity than wt GR, as
already observed (11). Moreover, mutation of K703R also inhibits
the RSUME effect on GR-mediated transcription (data not
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shown). In spite of the differences that might account for the
interspecies differences, the C-terminal Lys seems to have an im-
portant positive role under certain cellular conditions (e.g., stress)
in which factors such as RSUME act. Our study also proposes that
NR SUMOylation cannot be regarded as a general inhibitory
mechanism, but a more specified view is needed.

It has been reported that small changes in the LBD lead to
altered transactivation by the GR (35). Those changes can alter the
activity of bound cofactors, such as GRIP1 or Ubc9, without mod-
ifying their binding capabilities (34, 35). Therefore, we speculate
that SUMOylation of K721 influences GR activity by modifying
coactivator function due to its localization in the LBD. In fact, we
demonstrate here that GRIP1-mediated GR activation is compro-
mised when K721 is mutated and this effect is not due to the lack of
GRIP1-GR interaction. These results suggest that SUMOylation of
K721 might not be necessary for GRIP1 binding to GR but might be
critical for this coactivator’s action.
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Interestingly, RSUME interacts with GRIP1, and knocking down
RSUME by siRNA inhibits GRIP1-dependent GR transcriptional ac-
tivation, showing a positive correlation between RSUME, K721, and
GRIP1. Further studies are needed in order to shed light onto the
mechanistic role of SUMO modification of K721 in GR coactivator
recruitment. Nevertheless, it is tempting to speculate that RSUME
influences GRIP1 coactivator activity on GR-mediated transcription
indirectly by modifying GR K721 SUMOylation. Since RSUME is a
SUMOylation enhancer, we do not discard the possibility that
RSUME affects the SUMOylation pattern of other proteins involved
in the GR transcriptional complex. RSUME might be acting at differ-
ent levels to stimulate GR transcriptional activity, either directly by
stimulation of K721 SUMOylation, by GRIP1 SUMOylation, or by
the SUMOylation of other proteins involved in GR activity.

Both GR and RSUME have been reported to interact with Ubc9
(20, 29). Our present results show that RSUME increases the GR-
Ubc9 interaction and the RSUME SUMOylation mutant does not,
providing a plausible mechanistic explanation for RSUME-medi-
ated GR SUMOylation enhancement. Regarding the role for dif-
ferent SUMO paralogues, we have shown that RSUME increases
SUMO2 conjugation to all three GR sites. A possible differential
role for different SUMO isoforms on the RSUME effect on GR
SUMOylation cannot be ruled out until a systematic quantitative
comparison of all of them is performed.

In addition, RSUME’s effect on GR SUMOylation and its tran-
scriptional activity depend on the integrity of RSUME’s RWD
domain. However, several components of the SUMOylation path-
way regulate NR transcriptional activity through mechanisms that
can be either dependent on or independent of their SUMOylation
activity. PIAS1 stimulates AR transcriptional activity, and this ef-
fect is dependent on its SUMO E3 activity (47). In contrast, Ubc9
stimulates GR SUMOylation (data not shown) and transcrip-
tional activity (30, 31), but this transcriptional stimulation does
not involve its SUMO E2 activity (31), which occurs with the
mineralocorticoid receptor (MR) (48). This additional activity of
Ubc9 as a GR modulator could explain the fact that silencing its
expression yields a weaker transcriptional activity compared to
that of the 3K/R mutant. In the case of the steroidogenic factor-1,
the stimulatory effect of both Ubc9 and PIAS1 is independent of
their SUMOylation activity (49). Thus, it has become apparent
that the functional interplay between SUMO conjugation path-
way components and NR’s transcriptional activity has no easily
predictable outcome, as this will depend on the specific NR, the
site of modification, and the specific regulator.

Cellular stressors have been shown to increase global SUMO
conjugation (16). In particular, heat shock treatment was shown
to rapidly stimulate SUMOylation of GR and AR (17, 18, 46). On
the other hand, it has been reported that GR-mediated transcrip-
tion is potentiated in response to stressors such as heat shock (50,
51) and hypoxia (52). Furthermore, here we show that heat stress
stimulates GR transcriptional activity and that RSUME is critically
involved in this physiological process. A recent study on the nat-
ural chromatin context of AR target genes shows that heat stress
results in a marked release of AR from chromatin and a conse-
quent decrease in the mRNA levels of these genes (46).

Moreover, heat and chemical stresses induce translocation of
the unliganded GR to the nucleus (51, 53). Interestingly, RSUME
colocalizes with SUMO2 granules in heat-treated cells. Most strik-
ingly, heat shock enhances GR SUMOylation, and RSUME is in-
volved in this effect. Hence, a positive correlation between GR
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SUMOylation and transcriptional activity seems to occur during
the heat shock response. However, taking into account the fact
that heat shock induces a rapid SUMO2 conjugation of proteins
which is reversed during the recovery phase, further studies will be
required to determine if heat-induced GR SUMOylation and tran-
scription are indeed functionally coupled.

The fact that RSUME regulates GR SUMOylation in a spe-
cific pattern leads us to speculate that RSUME could fine-tune
the cellular response to GCs through the regulation of GR
SUMOylation status. RSUME and other regulators of GR
SUMOylation determine the outcome of the complex interac-
tion between the negative and positive SUMO sites on the GR.
Thus, understanding these mechanisms contributes to the es-
tablishment of potential targets to modulate physiological and
therapeutic responses to GCs.
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