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NF-kB signalling is inhibited by glucocorticoid
receptor and STATG6 via distinct mechanisms
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Summary

NF-kB transcription factors are involved in the cellular
response to stress, and are regulated by inhibitor KB)
proteins, which prevent NFkB-mediated transcription by
maintaining NF-kB in the cytoplasm. Proteins from other
pathways are also known to regulate NkB negatively,
notably the glucocorticoid receptor (GR) and IL-4-
responsive STAT6. Both pathways were shown to inhibit
NF-kB-mediated transcription, by expressing either STAT6
or GR and activating the respective pathways. Using
fluorescent fusion proteins, we show that GR alters the
timing of activated p65 NF«B nuclear occupancy by
increasing the export rate of p65 and is independent of
whether GR is present as a dimer or monomer. Expression

of STAT6 was also shown to alter p65 nuclear occupancy
but appeared to affect the import rate and hence the overall
maximal level of p65 translocation. Activating STAT6 with
IL-4 prior to activating NF- kB significantly increased this
inhibition. Investigation of IkBa showed that activated
STAT6 inhibited TNFa-mediated kBa phosphorylation
and degradation, whereas GR activation did not alterkBa
kinetics. This demonstrates a clear separation of two
distinct mechanisms of inhibition by STAT6 and GR upon
the NF«B pathway.

Key words: NFKB, STAT6, Glucocorticoid receptor, Signal
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Introduction

to occur through newly synthesizexBl entering the nucleus

There is increasing evidence that cross-talk between signallignd binding NF«B. The NFkB/IkB complex is then

pathways is essential to modulate the cellular response t@nslocated to the cytoplasm by CRM1l-dependent nuclear
external stimuli. Understanding how these pathways mesgxport (Arenzana-Seisdedos et al., 1995; Rodriquez et al,
together has major implications for cell biology and humaril999). Downregulation does not require cytoplasmic re-

disease. Nuclear factokB (NF-kB) transcription factors

localization of NFkB, because transcription can be switched

consist of homo- or heterodimers assembled from subunigf even when NFB is trapped in the nucleus after stimulation
including p65 (RelA), c-Rel, RelB, p100/p52 and p105/p50(Nelson et al., 2002a).

(Baeuerle and Baltimore, 1996). MIB- proteins are bound by

inhibitory proteins (kB proteins) that includexkBa (Thanos
and Maniatis, 1995)kBp (Thompson et al., 1995) andBe
(Whiteside et al., 1997). The p65 andt proteins shuttle

The glucocorticoid receptor (GR) is activated by binding
glucocorticoid (GC) at its C-terminal ligand-binding domain
(Hollenberg and Evans, 1988). Activated GR can then dimerize
and translocate to the nucleus and recruit co-activator proteins

independently between the cytoplasm and nucleus in restirggich as GRIP1 and SRC1, to bind GC response elements

cells, with the nuclear export sequence (NES) &Bal

(GRE) and to activate transcription (Hong et al., 1997

maintaining a predominantly cytoplasmic localization of theMcKenna et al., 1999). GR localization within a cell appears

NF-kB/IkB complex (Schmid et al., 2000). ActivateBl
kinases, IKKx and IKKB, phosphorylatekB proteins at N-

to be dynamic, with nucleocytoplasmic shuttling of both
ligand-bound GR and ‘resting’ GR in hormone-free cells

terminal serine residues (Mercurio et al., 1997; Zandi et al(Madan and DeFranco, 1993; Defranco et al., 1995; Htun et
1997), phosphorylatedkB is then polyubiquitinated and al., 1996). Activated GR rapidly moves to the nucleus because
degraded by the 26S proteasome (Yaron et al., 1998; Coux aatithe presence of two NLSs (Picard and Yamamoto, 1987)
Goldberg, 1998). The NKB/IKB complex is the preferred using the cytoskeleton and at least one chaperone, heat shock
substrate fordB phosphorylation/degradation, rather theB |  protein 90 (Yang and DeFranco, 1996; Galigniana et al., 1998).
alone, thereby only degrading bound but not frd® (Nelson GCs are potent anti-inflammatory agents. The GR binds to
et al., 2002a). This releases MB-with an unmasked nuclear other transcription factors, including N8 p65 (Ray and
localization sequence (NLS), allowing translocation to thePrefontaine, 1994; Caldenhoven et al., 1995) and prevents
nucleus and activation of transcription. transactivation of their target genes, but it has been suggested
Downregulation of NFkB-mediated transcription is thought that this does not alter the occupancy of the DNA response
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elements (Nissen and Yamamoto, 2000). It has been possifidlFa, which appeared to be due to direct inhibitionkdd
to dissociate repression of NdB from transactivation through phosphorylation and degradation. Both methods of inhibition
targeted mutation of GR, indicating a requirement for distincappear to operate before the formation of transcription
regions of the protein for these functions (Ray et al., 1999nitiation complexes and occurred too quickly for their
Heck et al., 1994; Heck et al., 1997; Bledsoe et al., 2002). response to be explained by transcriptional regulation.

Interleukin 4 (IL-4) exerts multiple effects on the immune
system via activation of signal transducer and activator of
transcription 6 (STAT6), which is involved in immunoglobulin Materials and Methods
class switching and T-helper cell type-2 differentiation. STATEMaterials
and NFxB p50 have been shown to bind one another, but it iBluman recombinant TNF and human recombinant IL-4 were
not known whether this interaction occurs in the cytoplasm osupplied by Calbiochem (UK). Tissue culture medium was supplied
the nucleus (Shen and Stavnezer, 1998). Synergistic effedty Gibco Life Technologies (UK) and foetal calf serum (FCS) from
between the pathways have been demonstrated in the Ig gerftftrlan Seralab (UK). Rabbit anti-phosphdst (Serine 32) and goat
line & promoter (Delphin and Stavnezer, 1995). There hav nti rabbit 19G conjugated to horseradish peroxidase were purchased
been no reports describing an interaction between STAT6 a br(_‘j)”;NeW %“}glam: B'Olatb‘? (dUKt)H All other chemicals were supplied
NF-kB p65, which is the subunit of the p65/p50 heterodimer” lgma (UK) unless stated otherwise.
that contains a transactivating domain (Schmitz and Baeuerle,
1991). Plasmids

Conversely, IL-4 has been shown to suppress tumouxil plasmids were propagated usitischerichia coliDH5a and
necrosis factoa (TNFa)-induced expression of the E-selectin purified using Qiagen Maxiprep kits (Qiagen, UK). pkB-luc
gene through STAT6 competing for an overlapping consensiyStratagene, UK) contains five repeats of andBFsensitive enhancer
sequence within a dual NEB enhancer element (Bennett et element upstream of the TATA box, controlling the expression of
al., 1997). In addition, IL-4 has been shown to inhibit GNF Iut_:if_erase. pPTAT3-luc controls the expressior_l of Iuciferas_e from a
induced transcription from the interferon response factor fninimal alcohol dehydrogenase promoter, with three copies of the
(IRF-1) gene promoter (Ohmori and Hamilton, 2000) byglucocortlcmd response element from the tyrosine aminotransferase

. . gene promoter. All fluorescent protein expression plasmids are under
competition of NF«B for the co-activator CBP (CREB- the control of the human cytomegalovirus immediate early promoter.

binding protein). In cells transfected with a mutant of STAT6,GEp_N1 expresses enhanced green fluorescent protein (EGFP)
in which its transactivation domain had been deleted, IL-4 Wagjthout any fusion protein attached (Clontech, UK). p65-EGFP

unable to inhibit TNE-stimulated transcription. More contains a 1.6 kb p65 cDNA cloned into tHadlll-BarHI site of
recently, IL-4 has been shown to inhibit osteoclastogenesjigEGFP-N1 (kindly donated by M. Rowe, UWCM, Cardiff). p65-
through STAT6-dependent inhibition of RANKL-dependentdsRed was constructed as described previously (Nelson et al., 2002a).
activation of NFkB (Abu-Amer, 2001; Wei et al., 2002). These These constructs express a C-terminal p65-fluorescent protein fusion.
studies have shown that STAT6 inhibitsBl degradation, so PIkBa-EGFP (Clontech) contains a fusion eBo to EGFP. pEGFP-
preventing NFkB moving to the nucleus. However, this effect GR expresses an N-terminal fusion of GR to EGFP (Galigniana et al.,
on KB has only been described when IL-4 was applied fo 998). pEGFP-STAT6 expresses an N-terminal fusion of human
between 24 hours and 3 days. This suggested that STAT6 W LAT6 to EGFP (Nelson et al., 2002b).
probably inducing other factors that feed back onto theRIF-
signalling pathway rather than directly binding KB-  Cell culture and transfection:
components. HeLa cells (ECACC No. 93021013) were grown in minimal essential
We have previously shown, using fluorescent fusiormedium with Earle’s salts, plus 10% FCS and 1% nonessential amino
proteins, that the rate okBa degradation depends on p65 acids at 37°C, 5% C© For confocal microscopy, cells were plated
expression levels and that the kinetics of p65 translocation age 35 mm Mattek dishes (Mattek, USA) a2 cells per plate in 2
altered by kBa overexpression (Nelson et al., 2002a). Directm! medium. After 24 hours, cells were transfected with appropriate
interaction between these proteins has been demonstrat@%smn']‘ﬁ&f‘;i'tzge'izgigiOGm(ggﬁggzgﬁ; M?T]réhe(')“;{mggg) froa:'t?g‘"l%
through fluorescence resonance - energy transfer (FRE NA:Fugene 6 used for such transfectiéns wag) DNA with 2 pl
(SChm'd etal,, 2000). Thes? studies _have Conflr.med the nor gene%. This DNA concentration was maintaqilr?ed for single :nd dual
fun(.:tlon c_)f p(_35 andKIBc.x f‘.JS'O“ proteins and their usefulness transfections with fluorescent protein expression vectors (i.qud.5
for investigating the principles of the pathway dynamics.  of each plasmid).
From the literature summarized above, it is clear that STAT6 For microtitre-plate-based Iuminescence assays of luciferase
and GR interact functionally with NkB. However, it is still  expression from the pNkB-luc reporter plasmid, 1 x #@ells were
not clear how, where and when these interactions occur. Weeded in 1 ml of medium into each well of 24 well plates (Falcon,
have used fluorescent protein fusions to components of thaecton Dickinson, USA) and grown for 24 hours prior to transfection.
three pathways to investigate the interactions between GR af@lls were transfected for 24 hours using Fugene 6, at an optimised
STAT6 with both p65 andkBa proteins of the NmB  ratio of 0.25ug DNA to 0.5pl Fugene 6 per well.
pathway. We have shown that activating either the GC or the
IL-4  pathway resulted in decreased KB-mediated fgyorescence microscopy

transcrlptlon' apd _|nh|blted the nuclear localization °.f p6l"-’Confocal microscopy was carried out on transfected cells in Mattek
Howeve_r, this |nh|_b|t|on appeared to occur through differengjisnes in a Zeiss XL humidified G@cubator (37°C, 5% C§) using
mechanisms. GR increased the rate of p65 nuclear export aftepeiss LSM510 Axiovert 200 microscope with a4fhase contrast
stimulation with TNt and had no effect uporBa, whereas  oil immersion objective (numerical aperture 1.3). Excitation of EGFP
STAT6 appeared to inhibit p65 import after stimulation withwas performed using an argon ion laser at 488 nm. Emitted light was
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reflected through a 505-550 nm band-pass filter from a 540 ni

dichroic mirror. dsRed fluorescence was excited using a green heliur w0+ A -
neon laser (543 nm) and detected through a 560 nm long-pass filt 120 ]
Data capture and extraction was carried out with LSM510 version ] ® EGFP-GR,EC,,=0.77nM

100 - EGFP, EC50 =2.88 nM

software (Zeiss, Germany). Treatment of cells with @EO ng mt1
final concentration) was carried out immediately prior to microscopy
by replacing one tenth of the medium volume in the dish with the
appropriate solution. Pre-treatment with dexamethasone, RU486
IL-4 was carried out in the same manner. Each experiment was carri
out at least twice with at least four cells obtained per replicate. Fc
p65-dsRed fusion proteins, mean fluorescence intensities we
calculated for each time point for both nuclei and cytoplasm ]
Nuclear:cytoplasmic fluorescence intensity ratios were determine 0+
relative to the initial ratio at 0 minutes. FaBoa-EGFP fusion L ) S IR
proteins, mean cellular fluorescence intensities were calculated 0.0t ot ! 10 100
each time point per cell and the fluorescence intensity relative t Dexamethasone (nM)

starting fluorescence was determined for each cell.

80

60—

relative expression

1004 B -

Reporter luminescence assays

Cells were plated in 24-well microtitre plates as described above 80
Wells were treated for 6 hours (for NdB-luc assays) or 18 hours (for
TAT3-luc assays) prior to harvesting the cells in bysis buffer
(White et al., 1990). Each well was assayed in duplicate b
transferring 10Qul of lysate into white 96-well plates (Greiner, UK),
with ATP added to a final concentration of 1.25 mM. Luminescenct
was measured using a BMG Lumistar plate reader fitted with a
injector (BMG Labtechnologies, UK), which was used to addil00
of 1 mM luciferin (Biosynth, Switzerland) to each well. Experiments 207 [
were performed in triplicate.

60+

—

40

Percentage inhibition

0

T T T T
EGFP p65 P65+GR GR

. - Fig. 1.Functional activity of EGFP-GR in HeLa cells. (A) HeLa
HeLa cells were seeded in 90 mm Petri dishes (Falcon, Bectqnyis yransiently transfected with pTAT3-luc and either pPEGFP-GR or
Dickinson) at X106 per dish. 24 hours later, all plates were pre-treate ontrol pEGFP-N1 expression vectors were treated with

for 40 minutes with either 101 ng mlIL-4 or medium prior 10 gexamethasone for 20 hours prior to harvesting. TAT3-directed
treatment with TNE (10 ng mt*). Following treatment, cells were | citerase expression was measured and plotted relative to the
harvested in 750 lysis buffer (40 mM Tris-Cl, pH 6.8, 1% w/v SDS, gy ression for 0 nM dexamethasone-treated cells for each

1% vlv glycerol, 1% v/\B-mercaptoethanol, 0.01% w/v bromophenol ansfectionn=3, error barsts.e. (B) HeLa cells were transiently
blue) at various times and the lysates boiled for 5 minutegl B0 3nsfected with pNB-luc together with various EGFP expression
each lysate was run on a 10% SDS-PAGE gel followed by blottingectors. EGFP expression vectors expressing fusions with p65, GR

using a Biorad Protean Il electrophoresis and blotting apparatys; poth or a control EGFP were transfected into the cells. Cells were
(Biorad, UK), following the manufacturer’s instructions. Even |°ad'“9pre-treated for 40 minutes with either medium alone or with 10 nM

of the gel was ascertained py Coor_nassie staining. De_tection of seringsyamethasone (in medium) prior to treatment with 10 i ml
32-phosphorylated kBa  with anti-phosphodBa antibody was  TNFq for 6 hours. The luciferase activity in cell lysates was
performed following the manufacturer's instructions. determined in pairs of samples either treated with @ slBne or

with dexamethasone and TFThe relative luciferase activity

obtained between these values reflects the level of inhibition obtained
Results through prior stimulation with dexamethasone. These ratios are
Function of the GFP-GR fusion protein plotted as percentage inhibition for each different transfection
The functional activity of a fusion of enhanced greencondition. All transfections were significantly different to one
fluorescent protein with GR (EGFP-GR) was established bgnotzer as calculated by 5% least significant differeme®,. error
co-transfecting pGFP-GR into HelLa cells together with arszs.e.
STATS'IUC' which ~contains a GR-responsive pr.omOteritself, (or native GR) and (3) binding to its DNA transactivation
irecting expression of firefly luciferase. In studies with ceIIsSequence
transfected  with GFP-GR, the maximal level of e . .
dexamethasone—stim%lated pTAT3-luc directed expression wa Additionally, we \_N'ShEd to dlscqver whether GFP-GR could
significantly increased, indicating the functional activity of this®SC act as a functional transcriptional repressor of theBIF-
fusion protein. In addition, the dose response of TAT3-luc t&'gnalling pathway (Fig. 1B). Treatment of EGFP-expressing
response at lower concentrations of dexamethasonENFa-induced luciferase expression from pKB-luc
(ECs50=0.77+0.24 nM; Fig. 1A) than cells transfected with asignificantly (95.2+1.7%). In cells expressing GFP-GR, the
GFP-expressing control plasmid, pEGFPN1 {EQ2.88+0.27 level of inhibiton of pNFkB-luc expression by
nM; Fig. 1A). These results demonstrated that GFP-GR wadexamethasone was also very significant (98.1+1.04%) and
capable of (1) binding to dexamethasone, (2) dimerizing witltould not be statistically distinguished from that obtained with

Western blotting
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the control EGFP-expressing cells. The expression of EGFRIsRed nuclear occupation, we have shown that the time of
GR together with the p65-EGFP significantly increasedhuclear occupation is significantly reduced by overexpression
dexamethasone inhibition of pN&-luc expression of EGFP-GR, by pre-stimulation with dexamethasone/RU486
(54.0£3.3%) relative to that obtained with p65-EGFP alone@r by a combination of EGFP-GR expression and

(25.94+8.2%). This showed that expression of the EGFP-GRexamthasone/RU486 treatment compared to control cells
fusion protein could enhance GC-mediated inhibition of NFexpressing EGFP (Fig. 3C).

KB-mediated signalling by TNFE

Effect of activation of the STAT6 pathway on the NF-kB
Inhibition of the NF-kB pathway by activated GR pathway

In order to investigate the mechanism of GR inhibition of NF-Activated, overexpressed STAT6 has previously been shown to
KB-mediated transcription, we used noninvasive single-ceihhibit the TNFax-induced transcription of a synthetic MB-
imaging to monitor the localization of a p65-dsRed fusiompromoter (Ohmori and Hamilton, 2000). We therefore wished
protein (Nelson et al., 2002a). Stimulation of HelLa cellso establish the nature and mechanism by which STAT6
expressing EGFP and p65-dsRed with ©N#howed a phase activation by IL-4 could inhibit activation of the N&B

of nuclear accumulation of p65 lasting ~40 minutespathway. Pretreatment of HelLa cells expressing the control
Subsequently, the p65-dsRed fluorescent protein was exportB66FP with IL-4 gave rise to significant inhibition of
back out of the nucleus to the cytoplasm, reflecting a secorsibsequent TN induced NFkB-directed gene expression
phase of net nuclear export, which was almost complete aft@fig. 4). The expression of EGFP-STAT6 fusion protein gave
~80 minutes (Fig. 2B, Fig. 3A). This resulted in a period ofrise to a significant increase in the IL-4-mediated inhibition of
nuclear occupancy (defined as half-maximal nuclear import toNFa-stimulated gene expression. The IL-4 mediated
half-maximal nuclear export) of 40.0+0.6 minute<
(Fig. 3C). Pretreatment of EGFP- and p65-dsl
expressing cells with 10 nM dexamethasone fo
minutes before TNé stimulation resulted in a mark
alteration in the time course of p65-dsRed nuc
occupation (Fig. 3A). This appeared to be cause
earlier net nuclear export rather than an inhibitio
nuclear import, leading to a significantly shorter pe

of nuclear occupancy (26.4+0.6 minutBs0.05; Fig
3C). Overexpression of EGFP-GR (instead of
control EGFP) also resulted in a similarly decre:
period of TNFRi-induced p65-dsRed nucle
occupation in cells pretreated with dexametha
(24.4+1.1 minute for cells pretreated with 10
dexamethasone compared to 30.3+0.3 minute:
control pretreated cell$<0.05; Fig. 2A, Fig. 3B,C
The expression of EGFP-GR also changed
dynamics of p65-dsRed nuclear occupancy in resg
to TNFa in cells not pretreated with dexamethas
but this reduction was less than in dexametha
pretreated cells (Fig. 3B,C). These results sugg
that activated GR was directly involved in
mechanism of dexamethasone-stimulated expo
p65.

Inhibition of NF-kB signalling by the GR agonist
RU486

We wished to determine whether this increased e
of p65 required GR-dimerisation, binding to DNA
activation of gene expression. The GR type Il agt
RU486 gives rise to nuclear import of GR with
stimulating these subsequent events (Beck e Fig. 2.Confocal microscopy of p65-dsRed translocation. Green fluorescence
1993). Therefore, we pre-treated cells expres represents either EGFP-GR (A) or EGFP. (B); red fluorescence represents
EGFP-GR and p65-dsRed with this agonist in plac p65-dsRed. Times after TRreatment (minutes) are shown. (A)_ Mgrge_d
dexamethasone. As shown in Figs 3B and 3C, this images of p65-dsRed and EGFP-GR. p65-dsRed nuclear localization is very

T . 1o brief in cells expressing EGFP-GR and treated with 10 nM dexamethasone for
led to a decre?‘se in th‘? tl_me O.f ngclear occupatl 40 minutes prior to TNé (10 ng mt?) treatment. (B) p65-dsRed and EGFP
p65-dsRed, with very similar kinetics to those sh  fiyorescence are shown as separate channels for clarification. p65-dsRed (left)
by cells expressing EGFP-GR activated \  shows increased nuclear localization in cells expressing control EGFP (right)
dexamethasone. By determining the half time of and treated with TN (10 ng mt3).
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Fig. 3. Modulation of p65-dsRed translocation by glucocorticoids.
Hela cells expressing p65-dsRed and either EGFP (A) or EGFP-GR
(B) were pretreated for 40 minutes with medium, 10 nM
dexamethasone (Dex) or 10 nM RU486, followed by confocal
microscopy (data not shown). Cells were then treated with 10Tg ml
TNFa and monitored every 2 minutes by confocal microscopy. p65-
dsRed subcellular fluorescence was analysed and plotted as a ratio of
nuclear:cytoplasmic fluorescence relative to the ratio at 0 minutes.

(C) The time of 50% maximal nuclear import to 50% nuclear export

of p65-dsRed from the data represented in A and B was determined
for each treatment and plotted as the half-life of nuclear occupancy.
Calculation of the 5% least significance difference between treatments
showed all to be significantly different to one another (*) with the
exception of EGFP and EGFP-GR transfected cells pretreated with
dexamethasone. Each treatment was performed in triplicate with a
minimum of 20 cells per experiment. Data plotted represent mean
ratio per cell £ s.gs-1)for each experiment.

inhibition of TNFu-stimulated luciferase expression could be
overcome by overexpression of p65-EGFP and this was also
true in cells co-expressing EGFP-STAT6. Expression of EGFP-
STAT6 also lowered the basal transcription level fromc--

luc (data not shown). This suggests that EGFP-STAT6 behaves
in a similar manner to native STAT6 in its effect on the K8--
pathway.

We therefore applied imaging of the dynamics of p65
translocation to investigate the mechanism of inhibition of
activated STAT6 inhibition of the NKB pathway. Cells
expressing p65-dsRed and either EGFP-STAT6 or EGFP
(control) were treated with TNFeither with or without IL-4
pretreatment. There was marked inhibition of p65-dsRed

35+

30

—— %

4
7] 1

Percentage inhibition

T T T
EGFP STAT6 p65 pé5 + STAT6
EGFP expression plasmid

Fig. 4.Inhibition of NFkB-mediated transcription by STAT6. HelLa
cells were transiently transfected with pKB-luc together with

various EGFP expression vectors. EGFP expression vectors
expressing fusions with p65, STAT6 or both, or a control EGFP were
transfected into the cells. Cells were pretreated for 40 minutes with
either medium alone or 10 ngThiL-4 (in medium) prior to

treatment with 10 ng m} TNFa for 6 hours. The luciferase activity

in cell lysates was determined in pairs of samples treated either with
TNFa alone or with IL-4 and TN&. The relative luciferase activity
obtained between these values reflects the level of inhibition obtained
through prior stimulation with IL-4. These ratios are plotted as
percentage inhibition for each different transfection condition. IL-4
treatment of EGFP-STAT6-expressing cells significantly inhibited
transcription compared with all other transfection conditions (5%
least significant differencep=3, error barsts.e.
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translocation by expression of EGFP-STAT6 (Fig. 5A,B).
Pre-stimulation with IL-4 inhibited p65-dsRed translocation
in cells that were overexpressing both EGFP (as a control)
and EGFP-STAT6. The effects of IL-4 and EGFP-STAT6
were also cumulative. Statistical analysis (ANOVA) of the
kinetics of p65-dsRed translocation under these conditions
showed that the maximal nuclear translocation of p65-dsRed
was significantly reduced by activation and/or
overexpression of EGFP-STATE<0.05).

Effect of activation of the GR or STAT6 signalling
pathways on the dynamics of IkB degradation in
response to TNFa

IkBa is known to shuttle between the cytoplasm and
nucleus, and is believed to act as a chaperone to relocalize
NF-kB to the cytoplasm. Therefore, we investigated whether
GR or STAT6 affected the timing okBo degradation or
localization. Transfection of cells witkBa-EGFP allowed

us to investigate whether the increased nuclear export of p65
by activated GR was due to stabilisation eBdi after
treatment with TNE. For these studies, we used cells
expressing both p65-dsRed andB&-EGFP, because we
have previously shown that the ratio of the two proteins
significantly affects the degradation rate eBt-EGFP
(Nelson et al., 2002a). There was no noticeable effect of pre-
incubation with 10 nM dexamethasone on resting cellular
IKBa-EGFP localization, and there was no significant effect
upon the degradation rate ofkBa-EGFP following
treatment with TNE (Fig. 6A).

We also investigated the effect of IL-4 stimulation of the
STAT6 pathway uponkBa-EGFP. In cells transfected with
IkBa-EGFP and p65-dsRed, we saw no effect of pre-
incubation of IL-4 upon either p65 atBa (data not shown).
Subsequent stimulation with TMF showed a marked
reduction in the level okBa-EGFP degradation, suggesting
that pre-activation with IL-4 inhibited this step in the KIB-
pathway (Fig. 6A). This demonstrated a clear distinction
between the mechanisms of inhibition of the kB-pathway
by STAT6 and GR.

We further analysed the IL-4-mediated inhibition kB
by investigating the effect of IL-4 upon phosphorylation of
IkBa. Western blotting demonstrated transiatBd serine-

32 phosphorylation after stimulation with 10 nghiINFa.

Fig. 5. Repression of p65 activation by IL-4/STAT6. HeLa cells
transiently transfected with p65-dsRed and either EGFP or EGFP-
STAT6 were pretreated with 10 ngThlL-4 or medium for 40
minutes. Subsequent stimulation with 10 ngNFa was

followed by confocal microscopy for 80 minutes. (A) Fluorescence
images of cells expressing p65-dsRed (left; red fluorescence) and
EGFP-STAT6 (right; green fluorescence) treated with IL-4 and
TNFa, showing marked inhibition of p65-dsRed translocation
compared with cells expressing EGFP treated with d Q.

2B). Positions of nuclei are highlighted in grey in the first EGFP-
STAT6 image. Times after TNFtreatment are shown in minutes.

(B) Quantification of p65-dsRed translocation inhibition by
activation and expression of EGFP-STAT6. p65-dsRed localization
was analysed and quantified as described in Fig. 3. Each treatment
was performed in triplicate with a minimum of 16 cells per
experiment. Data plotted represent mean nuclear:cytoplasmic ratio
per cellts.gqn-1) for each experiment.
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GC pathway, which would explain why unstimulated EGFP-

—e—10ng/miiL-4 | A GR causes a reduction in p65 nuclear occupancy (resting cells
_:_;gn'::‘glde" expressing EGFP-GR frequently show a significant nuclear

localization of EGFP-GR; Fig. 2A).

RU486 is a type-ll GC agonist that allows nuclear
translocation of GR and DNA binding but is not an efficient
+ _ activator of transcription, because it recruits the co-repressor

H}-;Hﬁ—;ﬂ;ﬁ;;_ NCoR rather than the co-activator p160 to GR (Schulz et al.,
e _Hﬂ: 2002). Interestingly, RU486 treatment has been previously
1 shown to inhibit NFkB directed transcription but is less potent
than dexamethasone (Heck et al., 1994; Heck et al., 1997). We
335 show that preincubation with RU486 diminished the time of
ﬁ’; nuclear occupancy by a similar extent to dexamethasone
0 T T treatment in cells expressing EGFP-GR (Fig. 3C). This
o 10 2 %0 40 50 60 70 80 observation therefore suggests that the stimulation of the
Time (min) after TNFa nuclear export of p65 does not require the GR to adopt a
transactivation competent conformation.
+IL-4 control B IkBa is believed to control the nuclear/cytoplasmic status of
NF-kB, by shuttling into the nucleus, where it is thought to
+TNFo (min) 0 25 10 20} 0 2 5 10 20 bind to the NFkB complex, masking the NLS so that the NES
Eﬁ - @ - - ™ _@ﬁ of IkB predominates, resulting in cytoplasmic KB/kB. We
e investigated whether GR might be increasing the rate at which
IkB can export NB. This could be through increasing
nuclear shuttling ofdB or stabilization of kB by preventing
its phosphorylation by IKK and subsequent degradation.

dexamethasone or medium prior to TNEO ng mtY) stimulation. SFimuIation of cells expressingBa-EGFP and p65'.dSR.Ed
Cytoplasmic kBa-EGFP fluorescence for individual cells was with dexamethasone showed no detectable alteration in the

plotted relative to the fluorescence at 0 minutes. Each treatment walpcalization of kBa-EGFP (data not shown). Subsequent
performed in triplicate with a minimum of 14 cells per experiment. Stimulation with TNFEr showed no apparent difference in the
Error barszts.gs-1). (B) HelLa cells were pretreated with either 10 ng rate of kBa-EGFP degradation compared with the control
mi~1IL-4 or medium for 40 minutes. Cells were harvested in lysis  (Fig. 6A), suggesting that the effect of GR upon nuclear export
buffer at various time points (as ShOWﬂ) foIIowing treatment with 10 was not directed through(Bu_ New|y SynthesizedKBa is
ng mi! TNFa. Samples were blotted with an anti-phospkie also unlikely to be the target of GR-mediated p65 export, as
antibody. the rate of nuclear export after ThlBtimulation is too fast for
new protein synthesis.
It therefore seems most likely that transrepression of p65 by
Incubating cells with 10 ng mi IL-4 for 40 minutes prior to GR either occurs through direct interaction with p65 or via
TNFa treatment caused a decrease wBd serine-32 alternative proteins. It has recently been demonstrated that
phosphorylation, with very little phosphorylation 10 minutesother upstream proteins of the KB- signalosome, namely
post TNFx treatment (Fig. 6B). IKKa and NIK also shuttle in resting cells (Birbach et al.,
2002). It is likely that these contribute to the basal state of NF-
) ) KB and so are potential targets for GR. However, because GR
Discussion can bind p65 (Caldenhoven et al., 1995; Nissen and Yamamoto,
We have investigated the repression of ®B=mediated 2000), this seems to be a more likely route of inhibition.
transcription by the GC and STAT6 pathways. Specifically, w&xactly how GR increases p65 export remains unclear,
have shown that overexpression of EGFP-GR can cau$mwever, because EGFP-GR appears to remain in the nucleus
inhibition of NFkB mediated transcription and that this when p65-dsRed is exported. GR-bound p65 might be a better
inhibition can be enhanced by activation of the GR pathwayarget for chaperones mediating CRM-1 dependent nuclear
EGFP-GR repression was overcome by expressing p65, whiekxport and hence increasing p65 nuclear export. Another
suggests a mechanism of competitive inhibition either directlpossibility is that GR inhibits another protein interaction with
through p65/NF«B or at an upstream stage in the signallingp65 that would otherwise stabilize its accumulation in the
pathway. Investigation of the kinetics of p65 nuclear imporhucleus. One such interaction would be with the catalytic
and export has demonstrated that GR alters the timing of p&ubunit of protein kinase A (PKAc), which has been implicated
nuclear occupancy. The rate of nuclear translocation appearad a member of the NEB signalosome complex and shown
unaltered, as were the maximal levels of nuclear occupancy ftw phosphorylate p65 (Zhong et al., 1997). Furthermore, PKAc
each treatment, regardless of whether EGFP-GR or EGFP wasgerexpression has been shown to increasBifediated
overexpressed (Fig. 3). Therefore, these data suggest that trenscription, which could be inhibited by also expressing GR
GR pathway is increasing the rate of p65 nuclear expor{Doucas et al., 2000). Because GR overexpression does not
because the time of nuclear occupancy was decreased &lger p65 import rates, it might alternatively be inhibiting
activated GR. Inhibition by simply overexpressing EGFP-GRohosphorylation of p65 by PKAc and therefore decreasing its
might be due to serum factors causing basal activation of tlieanscription initiation efficacy. This would rely upon p65

relative IxBa-EGFP fluorescence

[ L&)

iRt Ececanguasas

Fig. 6. Modulation of TNF-induced kBa degradation. (A) HeLa
cells transiently transfected withqBa-EGFP and p65-dsRed were
pretreated for 40 minutes with 10 ng#iL-4, 10 nM
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nuclear import being independent of the phosphorylation stand Hamilton, 2000). One possibility is that STAT6 interacts

of p65, which would fit with the findings of Nissen and directly with p65 and that this interaction both blocks the

Yamamoto (Nissen and Yamamoto, 2000), who showed th&inding of kBa with p65 and masks the NLS of p6&Bla

GR bound p65 but did not affect DNA binding by p65. Insteadappears to be subject to phosphorylation by only the IKK

GR inhibited the phosphorylation of the C-terminal domain ofand/or proteasome-mediated degradation in the context of

RNA polymerase (pol) Il in the transcription preinitiation IkBa/NF-kB dimers (Zandi et al., 1998; Nelson et al., 2002a)

complex (PIC), which is required for transcription initiation. It and therefore the rate ofkBoa degradation would be

is possible that p65 would have a lower binding affinity fordiminished in this model, whereas p65 nuclear import would

inactive PIC, and this would cause p65 dissociation in thalso be inhibited by the STAT6 interaction. Therefore, a direct

nucleus. Subsequently, the unbound nuclear p65 is more likeigteraction between p65 and activated STAT6 could explain

to be targeted for nuclear export IkBbi. Both scenarios (GR these observations.

inhibition of cytoplasmic p65 phosphorylation and nuclear GR We have investigated how GC and STAT6 pathways inhibit

inhibition of RNA pol Il phosphorylation) can be combined by NF-kB and have shown them to work through different

envisaging that the conformation of phosphorylated p6%nechanisms. Both appear to occur independently of up- or

encourages the phosphorylation of RNA pol Il in the p65-downregulation of transcription and also before ®B-bound

bound PIC. In such a case, GR inhibition of RNA pol llithe transcription initiation complex. These data suggest

phosphorylation and increased nuclear export of p65 wouldomplex interactions between signalling pathways affecting

both be seen as downstream effects of the phosphorylation stéte cellular equilibrium of transcription in resting cells and in

of p65. cells responding to the complex cocktail of cytokines present
Overexpression of EGFP-STAT6 had a similar effect to GRn vivo.

on the NFkB pathway. We have shown inhibition of MB-

mediated transcription by IL-4 activated EGFP-STAT6 (Fig. 4). We thank E. Floettmann and A. Hargreaves for helpful advice, and

Also, investigation of single living cells expressing EGFP-V- Sée for advice on the manuscript. This work was supported by

STAT6 and p65-dsRed showed marked inhibition of p6 straZeneca, DTI and MR(;, using equipment supported by HEFCE,

translocation by both activating the STAT6 pathway and/RC: BBSRC and Carl Zeiss.

overexpressing EGFP-STAT6 (Fig. 5). The observed inhibition
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