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Abstract 
 
Farnesoid X Receptor (FXR) is an important player in the upregulation of genes 
(transactivation) in bile acid homeostasis and fat and glucose metabolism. Recently, 
it has become clear that an additional important role for FXR consists of 
downregulating genes (transrepression) in inflammation. Because of this dual role 
of FXR, full agonists will likely have serious side effects, which would be similar to 
what is known for other members of the Nuclear Receptor (NR) family. Therefore 
selective modulators of FXR should be developed. However, the molecular 
mechanisms deciding between transactivation and transrepression in FXR are 
currently unknown.  For the NR family, cases of SUMOylation and phosphorylation 
have been reported to be distinctive between transactivation and transrepression. 
SUMOylation can either diminish transactivation selectively or increase 
transrepression. Phosphorylation was observed to prime for SUMOylation, thereby 
also selectively augmenting transrepression. Here, we review the state of current 
knowledge about FXR transactivation and transrepression and compare this to what 
is known in other members of the NR family. Ultimately, increased knowledge on 
the differential mechanisms of transactivation and transrepression will lead to the 
development of more specific drugs with less serious side effects.  
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1. Nuclear Receptors 
 
One of the largest groups of transcription factors (TFs), the Nuclear Receptor (NR) 
superfamily regulates genes required for virtually all aspects of development, 
reproduction and metabolism (1). The most distinguishing feature of this superfamily 
of 48 transcription factors is that their activity is regulated by small lipophilic, 
diffusible ligands, making them ideal drug targets (2-5). Indeed, 13% of all FDA-
approved drugs target a NR (6), treating a wide range of diseases, such as metabolic 
syndrome, inflammation and cancer (7-10).  
Originally discovered as receptors for steroid hormones (GR; glucocorticoid receptor, 
ER; estrogen receptor, PR; progesterone receptor, AR; androgen receptor), the NR 
family also encompasses metabolic receptors (such as Peroxisome Proliferator 
Activated Receptor (PPAR), Liver X Receptor (LXR) and Farnesoid X Receptor (FXR). 
While many new NR ligands have been discovered in the past couple of decades, 
approximately half of the 48 human receptors are still orphans (1). 
Molecularly, nearly all NRs share a common architecture (figure 1), with a N-terminal 
AF1 (Activation Function) domain, highly conserved DNA binding domain (DBD) and 
ligand binding domain (LBD) (11, 12). The DBD is linked to the ligand binding domain 
(LBD) by a flexible hinge. The LBD is relatively conserved as well and changes 
conformation upon ligand binding (13, 14). The main function of NRs is to positively or 
negatively regulate gene expression at the level of transcription. NR target genes are 
generally inactive when corepressors are bound to their promoters. Positive regulation, 
transactivation, is generally achieved by the binding of NR homodimers (steroid 
receptors) or heterodimers (metabolic receptors heterodimerize with RXR) to nuclear 
receptor response elements (NR-REs) in the vicinity of target genes and a recruitment 
of coactivators to the promoter (1). In addition, many NRs are capable of negative 
regulation of gene expression in a ligand-dependent manner by antagonizing the 
activities of other TFs, termed transrepression. Examples of this are members of the 
nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) families. Transrepression 
typically involves indirect association (tethering) of the NR with target genes rather 
than direct DNA binding (15-18). 
Upon activation by their respective ligands, the steroid receptors form homodimers on 
the DNA, whereas the metabolic receptors all form heterodimers with Retinoid X 
Receptor (RXR)(1). The regulation of the transcriptional effect of NRs contains many 
layers of complexity and is not understood to a full extent yet. However, the use of 
full NR agonists in a clinical setting leads to serious side effects, which currently limit 
their utility and safety. To understand this, knowledge of the molecular pathways 
regulating the differential transcriptional activities of NRs is required. So far, 
differential cofactor recruitment as well as diffential post-translational modifications 
(PTMs) have been implicated in distinguishing between transactivation and 
transrepression. Also, it has become clear that also different ligands can cause 
differential NR responses (19, 20). The separation of transactivation and 
transrepression separately offers great therapeutic possibilities. 
This review highlights the current knowledge on the molecular mechanisms of NR 
signaling in transactivation and transrepression in general, and for FXR in particular. 
We consider recent findings that certain PTMs in NRs indeed appear to differentiate 
between molecular mechanisms of transactivation and transrepression. We believe 
that selective ligands targeting such PTMs will boost generation of selective NR 
targeting drugs.  
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B) 

A) 

Figure 1: Overview of the structure of a NR. A) Schematic overview of a NR 
showing the AF1, DBD, hinge and LBD domain present in almost every member 
of the NR family. B) Structure of PPARγ/RXRα heterodimer on the DNA. RXR is 
shown in blue, PPARγ is shown in several colors; AF1: green (tiny section only), 
DBD: yellow, hinge: orange, LBD: red. In gray interactions of PPAR with a 
cofactor are shown and in black the PPARγ agonist Rosiglitazone. Structure as 
crystallized by Chandra et al, 2008, visualized using PyMOL.  



 5 

 
2. Farnesoid X Receptor 
 
 
In this review, we focus on Farnesoid X Receptor (FXR, NR1H4), which belongs to the 
subclass of metabolic receptors within the NR-family (21). The endogenous ligands for 
FXR are bile acids (BA), the most effective one being chenodeoxycholic acid (CDCA) 
(22-24). Next to CDCA, other BAs such as lithocholic and deoxycholic acid activate FXR 
(25-27). BAs circulate between the liver and the intestine and are essential for uptake 
of vitamins and dietary fats from the intestine. Upon ligand binding, FXR can induce 
gene transcription of its target genes by dimerization with Retinoid X Receptor (RXR) 
to an FXR responsive element (FXRE) (21). 
The primary role of FXR is to serve as a BA-sensor. Since BAs are toxic in high 
concentrations, an important function of FXR is to regulate its synthesis and 
accelerate its biotransformation and excretion into the bile. Therefore, many target 
genes of FXR are involved in these processes. In the liver, active FXR inhibits 
synthesis of bile acids by CYP7A1 and CYP8B1 by activation of SHP (Small 
Heterodimer Partner) (28). Furthermore, FXR regulates BA uptake from the sinus 
via NTCP (Sodium Taurocholate Cotransporter Protein) (29, 30) and canalicular 
secretion via BSEP (Bile Salt Export Pump) (31). In the enterocyte, FXR controls the 
absorption of BA via ASBT (Apical Sodium-dependent Bile Acid Transporter) (32), 
transport from the apical to the basolateral membrane via IBABP(Intestinal Bile 
Acid Binding Protein) (33) and finally secretion of BA from the enterocyte into the 
portal blood by OSTα and β (34). Because BAs are toxic, they are made less 
biologically active and more easily secretable by UGT2B4 (Uridin 5’-diphosphoate-
glucuronosyltransferase 2B4), which glucuronidates the BA in the liver and is also a FXR 
target (35-37).  
Mutations as well as polymorphisms in FXR have been shown to lead to cholestasis (38), 
an impairment in bile flow which causes accumulation of toxic bile salts and other 
compounds in the liver and is a common and devastating liver disease (39). In mouse 
models with ligated bile ducts and α-naphthylisothiocyanate treatment, which are 
acute models for cholestasis, the synthetic FXR agonist GW4064 markedly reduced liver 
injury (40). Also in more chronic models of cholestasis, induced by 17α-
ethinylestradiol, the FXR agonist 6-ethyl chenodeoxycholic acid (6-ECDCA) protected 
from cholestasis by, among others, increasing SHP and decreasing CYP7A1, CYP8B and 
NTCP, thus proving its important role in vivo (41).  
The role of FXR was also extended to fat and glucose metabolism (42, 43), as well as 
liver and intestine inflammation (44, 45), liver growth and regeneration (46), and liver 
carcinogenesis (47), even though the exact mechanisms remain elusive. Fxr-knock out 
mice display increased susceptibility to tumorigenisis in liver and colon, suggesting 
that FXR plays a protective role (47-49). 
Recently, we discovered that FXR is an important player in the counter-regulation of 
intestinal inflammation, possibly by transrepressing NF-κB signalling. Stimulation with 
the potent semi-synthetic FXR agonist INT-747 improved clinical symptoms and 
histology in DASS and TNBS murine models of colitis. This beneficial effect was not 
observed in Fxr-knock out mice. Moreover, Fxr activation inhibited mRNA expression of 
pro-inflammatory genes such as TNFα and cytokines (45).  
This multi-level protection against inflammation makes FXR an interesting novel 
therapeutic target. Currently, drugs targeting FXR in cholestasis, Diabetes Mellitus 
type II and metabolic syndrome tested in phase I and II clinical trials. However, caution 
should be taken for the use of full FXR agonist in this respect now FXR also appears to 
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have transrepressive actions. For many other NRs, full agonists have been reported to 
cause serious side effects, generally accepted to be due to concurrent activation of all 
transcriptional actions of a NR. Therefore, there is a therapeutic need to develop 
selective FXR synthetic ligands which modulate specific sets of genes. Much is known 
about in vivo mechanisms of FXR, however in order to be able to develop such ligands, 
it is vital to dissect the molecular pathways by which FXR regulates gene transcription.  
Differentially recruited proteins to FXR and different PTMs are likely to be decisive in 
determining specific FXR signaling in one or the other direction. The mechanisms 
already known for FXR as well as other NRs will be discussed below.  
 
 
3. FXR transactivation mechanisms 
 
 
Simple transactivation 
The main function of NRs is to regulate gene transcription, either positively via 
transactivation or negatively via transrepression. Positive regulation is achieved by the 
binding of NR homo- or heterodimers to hormone response elements (HREs). Classical 
mechanisms of transactivation have been known for many years, however recently 
additional mechanisms of binding to HREs have come to light.  
The most straight-forward way of transactivation is simple transactivation (figure 2A). 
In this process, the NR dimerizes (either as a homodimer or RXR heterodimer) and 
binds directly to the respective responsive element (RE) (50, 51). This mechanism of 
DNA binding is very common among NRs and responsible for induction of many target 
genes. For FXR, heterodimerization with RXR and binding to an FXRE is the most 
frequently described mechanism of transactivation (23). 
The highest affinity FXREs contains an inverted repeat with 1 nucleotide spacing (IR-1) 
motif to which the FXR/RXR heterodimer binds (31, 33, 52) e.g. for SHP transcription 
(28), but FXR has also been observed to bind to IR-0 (53), as well as direct repeat (DR-
1) sequences (54). Since FXR binds to these various REs with different affinity, the 
expression of these target genes can be differently regulated (21).  
 
Composite transactivation 
In a composite situation, the NR binds to a NRE and synergizes with other DNA binding 
TFs that are present (figure 2B) (55). This mechanism has been known to exist for a 
long time for other NRs, such as GR, in which synergy between NF-κB and GR has been 
observed to occur; the endogenous ligand for GR, glucocorticoids, were observed to 
positively regulate NF-κB-dependent responses (56-58)f. 
Recently, composite transactivation has also been described for FXR. Using ChIP-seq 
(Chromatin Immuno Precipitation-sequencing), Chong et al. recently showed in murine 
hepatic chromatin that many FXREs contain another half NRE-site (Nuclear receptor 
Response Element) in close proximity. This could indicate that other NRs can modulate 
FXR function. Additional NR half-sites were present proximal to 71% of the IR-1 FXREs. 
As an example, addition of Lrh-1 in a luciferase assay showed increased Fxr activity for 
the Shp, Rdh9, Pcx and Pemt promoters. Also, Lrh-1 binding to Fxr was demonstrated 
using a co-IP (Immuno Precipitation). Many of the Lrh-1 half-sites were located less 
than 50 bp from the FXREs in the promoter, which gives a strong indication that Lrh-1 
indeed bound as a monomer proximally to Fxr/Rxr heterodimers, thereby enhancing its 
gene transcription (59). It will be interesting to investigate which other NRs could 
potentially influence FXR-mediated gene transcription in the liver and other tissues as 
well as whether this mechanism can also be found in human chromatin extracts.  
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Monomeric transactivation 
Transactivational activity of FXR does not always require RXR. FXR has been shown to 
possess RXR-independent transcriptional activity, most likely through monomeric 
binding (figure 2C). This was the case for UGT2B4 (Uridin 5’-diphosphoate-
glucuronosyltransferase 2B4), where FXR bound to a NR half site regardless of RXR 
presence and induced BA glucuronidation via UGT2B4. RXR presence actually inhibited 
FXR-mediated UGT2B4 induction, but this was due to the formation of inactive 
FXR/RXR complexes, which was shown by EMSAs (Electrophoretic Mobility Shift Assay) 
(36) using a L433R FXR mutant, which is incapable of dimerizing with RXR (60)  
Also GLUT4 (Glucose Transporter type 4), the main insulin-responsive glucose 
transporter, has been reported to be activated by monomeric FXR. CDCA-liganded FXR 
induced GLUT4 transcription in HepG2 liver cells and 3T3-L1 adipocytes. Mutational 
analysis of the GLUT4 promotor and EMSAs suggested that FXR was able bind the 
GLUT4 promoter as a monomer on a half-site, independently of RXR. Addition of 
liganded RXR did not further induce FXR-mediated GLUT4 transcription, nor did RXR 
siRNA decrease GLUT4 induction. In C57BL/6J mice CDCA injection increased the 
GLUT4 protein amount, confirming the role of CDCA-mediated induction of GLUT4 in 
vivo (61).  
 
Tethering transactivation 
Next to directly contacting the DNA via NREs, TFs may also induce gene transcription 
without direct DBD binding. In a tethering situation, a NR does not contact the DNA 
directly, but exerts its effect via another, DNA binding, TF (figure 2D) (55). This 
transactivating mechanism has not yet been reported for FXR, but has been shown in 
GR for multi-protein complexes called enhanceosomes. In these complexes, GR was 
tethered to the DNA, and combinatorial positive responses were observed. (62, 63). As 
an example, for the α2-Macruglobulin (α2-M) promoter, presence of GR was not 
essential for transcription, but did increase transcriptional activity on the promoter, 
via tethering of GR probably to cJun or STAT3 (signal transducer and activator of 
transcription) (63).  
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Figure 2: Schematic model of 
differences between DNA binding 
mechanisms between 
transactivation and 
transrepression.  
A) Simple transactivation of a 
FXR/RXR heterodimer on a FXRE. 
B) Composite transactivation of a 
FXR/RXR heterodimer together 
with another NR on a NR half-site. 
C) Monomeric transactivation of 
FXR on a FXRE half site.  
D) Thethering transactivation of a 
GR homodimer binding to another 
transcription factor (e.g.) cJun.  
E) Inhibition of transactivation by a 
priming phosphorylation and 
following SUMOylation of 
PPARγ/RXR heterodimer on a 
PPRE.  
F) Simple transrepression by an GR 
homodimer on a GRE.  
G) Monomeric transrepression by 
FXR on a FXRE.  
H) Tethering of GR to NF-κB on a 
κB RE inhibits NF-κB activity.  
I) Binding of GR to a GRE invites 
NCOA1 binding, inhibiting NF-κB 
signally by scavenging the available 
coactivators needed for 
transcribing genes.  
J) GR homodimerization on a GRE 
increases I-κB transcription. I-κB 
translocates to the cytosol and 
inhibits NF-κB by retaining it in the 
cytoplasm.  
K) SUMOylation of PPARγ prevents 
release of NCOR1, thereby keeping 
NF-κB inactive on the κB RE.  
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4. FXR transrepression mechanisms 
 
The mechanisms of FXR transrepression are currently under study and yet unknown for 
the greatest part. However from other NRs it is known that inhibition of the NF-κB 
pathway and transrepression of other genes can occur in a multitude of ways. This is 
discussed below, sorted by the mechanism of DNA-binding by the NRs modulating the 
response.  
 
Tethering transrepression 
Unlike transactivation, examples of simple and composite models for transrepression 
are rare. The best studied nuclear receptor for mechanisms of transrepression is GR, 
therefore this NR will be used as an illustration for mechanisms undiscovered in FXR.  
Until recently, for GR only a few cases of direct transrepressive binding to a promoter 
were observed, and no consensus sequence could be assigned to these so-called 
negative GREs (nGRE) (64). Instead, the standard model of transrepression became 
tethering of a NR to the DNA by other TFs (figure 2H). The direct binding of a NR to its 
target TF sterically inhibited the binding of coactivators to this TF, thereby inhibiting 
transcription (65). This model has been well known for its function in inflammation. It 
is mediated via other TFs which bind to the DNA. Upon NR binding to the TF, RNA 
polymerase is inhibited in transcribing the target genes of the TF. Well studied 
examples of this are NF-kB and AP-1. These TFs bind to κB and AP-1 REs respectively 
(15-17) and are involved in transcribing a plethora of immunomodulating factors (18). 
In fact, many signaling mediators that are produced during chronic inflammation are 
under command of these two responsive elements (66). Many of the anti-inflammatory 
capacities of NRs (e.g. GR, PPAR) have attributed to direct binding to NF-κB and AP-1 
and therefore inhibiting transcription of their target genes.  
For NF-κB tethering interactions with post-translationally modified NRs have been 
described recently. The molecular mechanism of this transrepression manner will be 
discussed extensively in the next two chapters. In short, PTMs on a NR block the 
clearance of corepressors from the NF-κB complex, thereby refraining it from inducing 
its promoter (figure 2K) (65). 
 
Simple transrepression 
Recently, GR was observed to be able to transrepress many genes by direct binding to 
their promoters (figure 2F). Negative GREs (nGREs) were discovered to be present on 
more than 1000 human/mouse genes which are repressed by glucocorticoids in vivo.  
Stimulation with an agonist induced the binding of cis-acting GRs to an inverted nGRE. 
In turn, this downregulated genes by interacting with NCOR1 and 2 (Nuclear 
Corepressor). IR-0, IR-1 and IR-2 containing nGREs could be efficiently transrepressed 
by agonist-liganded GRs (67). So far, this has only been observed in GR, so whether this 
holds true for other NRs remains to be investigated.  
 
Monomeric transrepression 
Only two examples of FXR transrepression have been known to date, both use the 
monomeric transrepression mechanism. First, FXR was observed to inhibit the ApoA-I 
gene. ApoA-I is involved in cholesterol and phospho-lipid efflux from tissues (68). Bile-
acid liganded FXR has been shown to negatively regulate ApoA-I expression by binding 
independently of RXR to a negative FXRE, presumably as a monomer (figure 2G). The 
RXR/FXR heterodimer only showed very slight binding compared to FXR alone on an 
EMSA and the L443R mutant did not show decreased repression of ApoA-I, despite 
being unable to dimerize with RXR. Thus, both findings indicate that binding is RXR 
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independent. Furthermore, in vivo negative regulation of ApoA-was shown by feeding 
hApoA-I transgenic mice with the FXR agonist taurocholic acid. This decreased serum 
concentrations and mRNA levels of ApoA-I, arguing for a relevant biological mechanism 
(60). 
Second, APOA was also inhibited by monomeric FXR. APOA is known to form 
lipoprotein(a) together with apoB100, which is an important plasma lipoprotein (69). 
High levels of lipoprotein(a) are correlated with development of thrombo-artherogenic 
diseases (70, 71). FXR was observed to inhibit APOA expression in a SHP-independent 
manner, by binding as a monomer to the second half site of a DR-1 FXRE. Also in vivo 
the relevance of the mechanism was shown by transgenic hAPOA (tgAPOA) mice, which 
showed low expression of APOA upon bile duct ligation. Comparison of tgAPOA mice 
with tgAPOA/Fxr-/- mice, showed that upon administration of BA, plasma 
concentrations and hepatic expression of APOA were reduced in FXR containing mice, 
but not in FXR knock out mice. This established that APOA inhibition by FXR also occurs 
in vivo. Interestingly, FXR was found to compete with the activatory nuclear receptor 
hepatocyte nuclear factor 4α (HNF4α) for binding to the DR-1 motif (72). This provides 
a mechanism how NRs can compete for a binding site and how the balance between 
activity of these NRs can decide the transcriptional effect on a target gene.  
 
Transrepression by squelching 
The amount of cofactors present in a cell can be rate-limiting for transcription. Since 
NRs and pro-inflammatory TFs compete for the same pool of cofactors, this can lead to 
a process called squelching (figure 2I). In this way, the pool of NRs binding to the DNA 
compete away the available co-factors from NF-κB, thereby inhibiting transcription of 
its target genes (73). This was first observed for GR, RAR (Retinoic Acid Receptor) and 
RXR on AP-1 targets; heightened presence of the coactivator CBP (CREB Binding 
Protein) diminished transrepression of AP-1 target genes (74). Moreover, GR-mediated 
inhibition of NF-κB could be overcome by supplementary NCOA1 (Nuclear coactivator) 
and CBP (75). Even though squelching would be an attractive mechanism to explain the 
often observed antagonism between inflammatory and NR signalling, the physiological 
relevance remains to be established still (65). 
 
Transrepression by transactivation 
A final mechanism for NF-κB inhibition is the upregulation of the cytosolic Inhibitor of 
κB (IκB), which binds to NF-κB. In this way, it tightly controls NF-κB localization in the 
cytoplasm, thereby preventing it from activating genes (76). Initially, GR was observed 
to upregulate IκB expression. Even though no classical GRE was present in this 
promoter, homodimerization was required for binding (77). Later, this was also 
observed for PPARα, which has been shown to inhibit the induction of the 
inflammatory cyclooxygenase-2 (COX2) gene at the transcriptional level via repression 
of NF-κB signalling (65, 78), as well as for AR (Androgen Receptor) (65). However, 
conflicting results in which GR and AR-mediated induction of IκB did not uniformly 
alter NF-κB DNA binding have been reported (79). This suggested that the multiple 
ways of NF-κB mediated transrepression occur in a cell type or tissue specific manner 
(65). 
 
FXR in inflammation 
The role of FXR in inflammation has only been discovered recently. It was observed 
that FXR activation decreased the severity of inflammation of the intestine in vivo 
(80). Furthermore, pro-inflammatory cytokines that activate NF-κB signaling repressed 
FXR activation in the intestine (45) as well as the liver (44). Currently, it is unclear yet 
how exactly FXR interacts with NF-κB to repress genes (81). Limited experiments 
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suggested that NF-κB shows reduced affinity to its RE (44) but there is also evidence 
that FXR inhibits co-repressor clearance from the NF-κB promoter (82).  
Comparison with other NRs can provide us with other mechanisms which could 
potentially be involved in FXR-mediated NF-κB inhibition. Since other NRs, such as GR, 
are able to attenuate the NF-κB pathway in a multitude of ways, it is a very likely 
possibility that FXR is similar in this respect. Indications are that FXR and NF-κB are 
able to regulate each other through reciprocal inhibiting interactions, both in vitro as 
well as in vivo. (44, 81, 83). This mechanism has already been positively established in 
GR and PXR (Pregnane X Receptor) (84, 85). Using FXR DBD mutants it would be 
interesting to investigate whether DNA binding is required for NF-κB binding or 
whether the tethering mechanism is dominant.  
 

Which modes of action a NR will ultimately use to exert its transcriptional effect is 
most likely to be dependent on multiple factors, differing between cell types and 
promoters, thereby allowing target genes to be regulated specifically. Differential 
cofactor interactions have been reported to be selective between transactivation and 
transrepression, and these interactions varied in efficiency between different ligands 
(20). However, next to the ligand-dependent part, the properties of the NR are also 
known to change by post-translational modifications. Recently, there has been a 
growing focus on how these PTMs influence the balance between transactivation and 
transrepression. We will discuss what is known about the effect of PTMs in 
distinguishing between transactivation and -repression for FXR, as well as for other 
NRs. 
   
 
5. FXR PTMs in transactivation and transrepression 
 
 
FXR phosphorylation in transactivation and transrepression 
Three phosphorylations have been discovered on FXR to date, all of which augment its 
transactivation activity (86, 87). S135 and S154 were observed in the DBD of 
endogenous FXR in HepG2 cells and were shown to be phosphorylated by PKC using 
pharmacological inhibitors. Despite the fact that phosphorylations of these sites did 
not increase DNA binding nor change its subcellular localization, they did promote 
recruitment of the coactivator PGC1α (PPARγ Coactivator). In this way, transactivation 
was achieved. Mutations of either or both phosphorylation sites severely diminished 
PKCα induced activation and ligand induced FXR activation, indicating a role for the 
LBD in changing the conformation of FXR so that these sites become available to PKCα. 
Because S135 and 154 both caused SHP and UGT2B4 to increase and ApoA-I to decrease 
(86), these two phosphorylations did not distinguish between transactivation and 
transrepression.  
The third phosphorylation, Y442, was observed to play a role in nuclear localization as 
well as transactivation in overexpression and mutational studies. PKCζ was the kinase 
responsible for phosphorylating Y442. In turn, PKCζ was activated by phosphorylation 
by FIC1 (87). FIC1 is crucial for normal bile acid transport (88). Unfortunately, the 
effect of this phosphorylation was only studied on the SHP promoter (87), therefore 
the effects of Y442 phosphorylation on transrepression are unknown. Importantly, all 
phosphorylation data were generated in vitro, and the functional relevance of these 
sites in vivo is currently unknown. 
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FXR SUMOylation 
FXR SUMOylation was discovered to mediate anti-inflammatory transrepression in the 
intestine, and to be protective in a mouse colitis model. Two potential SUMO sites 
were present in FXR, K277 and K460, which both complied to the wKXE/D motif, where 
w represents a hydrophobic and X any amino acid. Vavassori et al. showed by IPs and 
luciferase assays that in vitro recruitment of FXR to the iNOS (inducible Nitric Oxide 
Syntase) promoter required SUMOylation, and addition of NCOR1 siRNA caused THP-1 
cells (human acute monocytic leukemia cells) to display an enhanced response to LPS 
by increased mRNA transcription of the iNOS and IL-1β (InterLeukin) inflammatory 
factors. Since pre-treatment with INT-747 prevented clearance of NCOR1 from these 
promoters, this pointed to a role for FXR in retaining NCOR1 at the promoters, which is 
similar to the mechanisms observed in other NRs as discussed in the next chapter. 
However, conformation of the latter data in vivo is necessary in order to establish 
whether this is a biologically relevant mechanism. Also, focus should be on elucidating 
the exact binding mechanism of FXR-SUMO to the iNOS promoter, whether it is 
mediated by NF-κB or not and whether DNA binding of FXR is required. Even so, it is 
clear that SUMOylation of liganded FXR is able to differentially inhibit inflammatory 
genes such as IL-1β, iNOS and TNFα, but not SHP (89), pointing to a distinctive 
mechanism to separate between transactivation and transrepression.  
 
FXR acetylation 
FXR has been reported to be acetylated at residues K157 and K217. K217 was observed 
to be acetylated by p300 and deacetylated by SIRT1. Acetylation on K217 inhibited 
dimerization with RXR and diminished binding to the DNA. Furthermore, luciferase 
assays using the SHP and (FXRE)3-tk promoter showed that K217R mutants display 
increased transactivation ability (90).  
Decreased transactivation by acetylation was also shown in functional studies and this 
was especially the case for K217 acetylation. Presumably, FXR dissociated from the 
promoter (91). However, the function of acetylation has not been studied in a 
transrepressive context, therefore its effect on inflammation is yet unknown. Since 
evidence points to FXR losing its DNA binding and heterodimerization capacities, 
acetylation might only interfere with repressive mechanisms that require either or 
both of this mechanisms. This would still allow tethering interactions of monomeric 
FXR to NF-κB to happen (figure 2). Therefore, we speculate that acetylation can be a 
potential distinctive factor between transactivation and transrepression.  
 
FXR ubiquitilation 
Ubiquitilation of FXR is an understudied area. FXR has been reported to be 
ubiquitilated in vitro, as well as in cells. Inhibition of the proteasomal degradation 
using MG132 resulted in a noticeable reservoir of ubiquitilated FXR. Also, K157R or 
K217R mutants displayed three times shorter half-lives than wild type FXR, indicating 
that acetylation might increase FXR stability and thus decrease ubiquitin-mediated 
proteasomal degradation. However, little is known about the in vivo occurrence of FXR 
ubiquitination, and the site of ubiquitilation remains to be determined (90). If, for 
example, an acetylation site would be discovered that distinguishes between 
transactivation and transrepression, this observed difference in FXR half-life would be 
of some significance, as it could mean that acetylated FXRs would be less prone to 
ubiquitin-mediated degradation and thus selectively target either transactivating or 
transrepressing FXRs for degradation. However, so far such as effect has not been 
observed. Even though it is known that in general for TFs activation is correlated with 
degradation, so this might be an attractive hypothesis (92). 
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6. The role of PTMs in transactivation versus transrepression for other NRs  
 
 
For other NRs, more research has been performed for the function of PTMs in 
distinguishing transactivation from transrepression, especially for GR. So far, 
SUMOylation, in interplay with other PTMs, is the major player involved in making this 
distinction.  
 
NR SUMOylation 
Shared between many NRs (including GR, ER, RAR and FXR) are the inflammatory 
genes. Each NR represses an overlapping, but distinct pattern of ligand-dependent 
inflammatory gene expression (44, 93-96). At first, it was unclear how this was 
regulated at a molecular level, however, SUMOylation brought an explanation. SUMO 
(Small Ubiquitin-like Modifier) is an 11 kDa protein, that can be covalently attached to 
proteins by a system of 3 ligases.  
The first SUMO-sites observed in PPARγ were at K107 in the AF1 and K367 in the LBD 
(97, 98). SUMOylation of K107 inhibited ligand-independent transactivation, but left 
transrepressive functions in luciferase assays intact. Moreover, mutation to R107 
increased transactivational functions (97), but did not interfere with recruitment to 
the iNOS promoter and transrepressive capacities, as shown by ChIP and luciferase 
assays. Thus, SUMOylation of this site selectively inhibited transactivational functions 
of PPARγ (figure 2E and 3), at least for the PEX11, Perilipin and AokTK promoters (97, 
98). In contrast, the K367R mutant was not recruited to the iNOS promoter in the 
presence of the PPARγ agonist rosiglitazone, and K367R showed a similar 
transactivational activity on the AoxTK luciferase promoter as WT PPARγ. Both indicate 
that K367 SUMOylation is important in distinguishing between transrepression and 
transactivation and that SUMOylated PPARγ is important in transrepression. Moreover, 
it was suggested that NCOR1 was required for ligand-dependent recruitment to the 
iNOS promoter (figures 2K and 3) (98). 
Next to PPARγ, an increasing amount of SUMO-sites were discovered in a wide range of 
NRs. Distinct transrepressive SUMO-sites have also been observed in LXR, GR and FXR 
(see chapter 5 for FXR SUMOylation). For LXRβ, SUMOylation sites have been 
discovered at K410 and K448, mutation of these to arginine lead decreased 
transrepressive activity in a iNOS luciferase assay. Moreover, mutation of both 
abolished transrepression completely, whereas transactivational activity on the ABCA1 
promoter was not affected (99).  
A further step of regulation is formed by different SUMO mechanisms, which are 
responsible for differentially placed SUMOylations on LXR as opposed to PPARγ. In this 
way, these NRs are able to regulate overlapping but distinct subsets of 
proinflammatory genes (99). 
SUMOylation has also been reported to increase transactivation. For RORα (RAR-related 
Orphan Receptor) it was discovered by Hwang et al. that SUMOylation on K240 in the 
hinge region lead to an increased transcriptional activity, as shown using a 5x RORE 
and p21 promoter. Mutation to arginine lead to decreased luciferase activity. 
Unfortunately, the effect of K240-SUMO on transrepression was not investigated (100). 
An increased transactivation has also been reported for SUMOylation in the hinge 
region of ERα (Estrogen Receptor) (101). Unfortunately, the effects on transrepression 
of these SUMOylations remain unknown to date. 
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Crosstalk between SUMO and other PTMs 
It has been clear that many effects of NRs are caused by intensive cross-talk. This is 
the case for PTMs in general as well as for PTMs distinguishing between transactivation 
and transrepression. For PPARγ, phosphorylation of S112 primed it for SUMOylation on 
K107 (97, 102, 103). SUMOylation of K107 without prior S112 phosphorylation caused 
less potent repression of transactivational functions (97, 103). Thus, inhibition of 
transactivation was stronger upon S112 phosphorylation (figure 3).  
Crosstalk between phosphorylation and SUMOylation has also been observed for GR, 
where phosphorylation of S246 by JNK facilitated subsequent SUMOylation of K297 and 
313 and repressed genes in a promoter specific manner (104). 
An additional layer of regulation by PTMs has come from indications that SUMOylation 
might prevent heterodimerization with RXR, thereby inhibiting gene transcription. This 
was observed for LXR using ChIP; RXR was not recruited to promoters containing 
SUMOylated LXR, unlike unSUMOylated LXR which did dimerize with RXR (105). A 
putative SUMO-acceptor site (K410) in LXRβ was discovered close to the RXR-
heterodimerization site, offering a potential mechanism. However proof is still 
required to adopt this hypothesis (106). Interestingly, if this were true, this would 
mean that SUMOylated LXR would not transrepress genes as a RXR heterodimer, but 
rather as a monomer or perhaps homodimer. This provides a distinct regulatory 
mechanism for a cell, as many methods of transrepression require dimerization with 
RXR (see figure 2). For TR (Thyroid hormone Receptor) something similar has been 
shown; transcriptional repression was mediated via NCOR2 interaction with TR 
homodimers, not TR/RXR heterodimers (107).  
An other interesting aspect about covalently attaching a SUMO protein to a NR, is that 
it creates new interaction surfaces. These interaction surfaces have been reported to 
recruit corepressors, interacting through so-called SUMO-interaction motifs (SIMs) (106, 
108).  Recently, GPS2 (G-protein Pathway Suppressor) was observed to serve as a 
bridge between agonist-bound, SUMOylated LXR and the NCOR1 complex (109), 
indicating that the interaction between a SUMO-NR and NCOR1 causing transrepression 
is not a direct one, but rather regulated by another (set of) protein, offering additional 
regulatory possibilities.  
In conclusion, PTMs offer a wide range of regulatory possibilities to fine-tune the 
target genes affected by a NR. This ranges from recruitment of coregulators to 
inhibiting RXR heterodimerization and facilitating interactions with other proteins. 
Thus, PTMs form an important aspect to study when trying to understand the 
mechanisms separating transactivation from transrepression.  
To the best of our knowledge, no reports about acetylation and ubiquitilation have 
been made to be distinctive in separation between transactivation and transrepression.  
 
GRdim mutants and mice 
In GR, a mutant is known that was able to transrepress, but lost its transactivation 
ability, which offers possibilities to study these processes separately. The mutation, 
A458T, is situated in the DBD of GR and is known to prevent homodimerization and 
DNA-binding-dependent transactivation (110). A knock-in of this mutation into mice 
was viable, unlike GR knockout mice, which died soon after birth (111). In the A458T 
mice (also called GRdim mice) GR showed impaired DNA binding and dimerization and 
therefore reduced transactivation. In contrast, tethering interactions were not 
compromised, so transrepression function was largely unaffected (112). GRdim mice 
were observed to retain their ability to inhibit local inflammation of the skin as well as 
the repress of systemic inflammation upon glucocorticoid-stimulation. This means that 
these responses were not dependent on DNA binding capacity of GR. Since GRE-
mediated genes were not induced by glucocorticoid administration, this lead to less 
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off-target effects (112, 113).The GRdim mice open up possibilities to study 
transactivation and transrepression separately and feed the belief that it is possible to 
develop specific transrepression inhibiting drugs  
Importantly, since Surjit et al. recently observed that GR-mediated transrepression not 
only occurred in tethering interactions but also via direct binding to nGREs, this means 
that a GRdim mutation does affect nGRE-mediated transrepression as GR can no longer 
bind to the DNA. Therefore, potential drugs targeting tethering transrepression 
activities only and not DNA-binding mediated transactivation, will probably also not 
interfere with nGRE-mediated targets. Since many of the nGRE mediated targets were 
observed to have important physiological functions such as metabolism, immune and 
stress systems and the circadian clock, it is highly desirable to not target this 
mechanism (67). For FXR, a RXR dimerization defective mutant is also known, the 
L433R mutant (60), however this mutation is in the LBD, not the DBD, so monomeric 
DNA binding can still occur. Nevertheless, it would be very interesting to do similar 
experiments for FXR and investigate which target genes require FXR 
heterodimerization capacity in vivo and which genes can no longer be inhibited.  
 
 

 
 
7. Discussion 
 
 
FXR is the master regulator of bile homeostasis. Aberrant regulation of this nuclear 
receptor is at the base of several serious diseases, such as cholestasis and 
inflammation of the liver and intestine. No FDA-approved FXR-agonists have been 
marketed yet, therefore, it is important to develop a therapeutic agent targeting this 
NR. Currently, clinical trials for FXR ligands targeting cholestasis, diabetes mellitus 
type II and metabolic syndrome are being conducted. However, since full agonists 
targeting other NRs show serious side effects, this is expected for FXR as well. 
Therefore, there is a great need for selective FXR modulators. FXR modulation of 
target genes can be dissected into transactivation and transrepression. More and more 

Figure 3: Model of effects of 
PTMs distinguishing 
between transactivation and 
transrepression.  Selective 
regulation of transactivation via 
PTMs has been found for 
phosphorylation and 
SUMOylation. In PPARγ, 
phosphorylation was found to 
increase SUMOylation, and 
SUMOylation decreased 
transactivation specifically. For 
transrepression, SUMOylation 
was found in increase the 
transrepressive activity of 
PPARγ, as well as LXRβ and 
FXR.  
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evidence from other NRs is emerging that indeed transactivation and transrepression 
can be separately targeted by selective ligands. Recently, many selective ligands have 
been discovered for RXR (reviewed in (114)). FXR/RXR form a permissive heterodimer, 
meaning that RXR ligands alone are also able to activate the dimer. Since FXR/RXR 
heterodimers are likely to participate in transactivation as well as transrepression, 
targeting RXR to specifically transrepress but not transactivate might attenuate FXR-
mediated transactivational side effects.  
In a similar way, for GR selective ligands have been developed. Ronacher et al. showed 
that the efficacy of a ligand for transactivation and transrepression is irrespective of 
its relative affinity for the NR. The affinity of different ligands did correlate with GRE-
mediated transactivation, but not with NF-κB/AP-1-mediated transrepression. Also 
ligand-selective differences between promoters for some ligands in reporter assays  
were shown (20). This is an important concept for future selective drug development. 
Studies such as Ronacher et al. show that the effect of selective ligands can already be 
visualized in a very artificial setting containing artificial promoters and no chromatin. 
However, drug development requires a more in vivo approach, so that effects of 
ligands will be determined in an in vivo setting.  
Modelling the different mechanisms for DNA interactions of FXR and comparing this to 
other NRs can greatly facilitate knowledge about the different mechanisms that drive 
the separation between transactivation and transrepression. At first glance, the DNA 
binding mechanisms seem quite similar. However, what has not been covered in this 
review, is that the recruitment of cofactors and other transcriptional regulators 
between these different mechanisms can be quite different, thus exerting very 
different effects on gene transcription. For example, FXR monomers were observed to 
both induce genes (e.g. GLUT4 (61)) and inhibit others (e.g. ApoA-I (60)). This 
selective effect on gene transcription by FXR recruitment might be dependent on 
promoter context and surrounding TFs as well as on PTMs. 
So how do we know what precise mechanism of NF-κB inhibition FXR will use to exert 
its anti-inflammatory functions? For GR, the answer contains multiple variables. 
Glucocorticoids probably use different mechanisms to establish their anti-inflammatory 
functions, depending on environmental cues such as the particular promoter sequence 
and cell-type dependent differences like the availability of co-factors and differential 
histone modifications (115, 116). Therefore, it is important to realize that NF-κB is not 
a single pathway, but rather a context-dependent, multitargetable effector (117). Also 
for FXR, it is likely that NF-κB inhibition is mediated via several DNA binding or 
tethering mechanisms. 
With the discovery of PTMs as being causative for the distinction between 
transactivation and transrepression, comes the notice that if SUMOylation can be 
selectively induced or mimicked by certain ligands, anti-inflammatory functions of FXR 
can be induced, while bile homeostasis is not perturbed. Similarly, in diseases that 
require increased transactivational but not transrepressive FXR activity such as 
cholestasis, transactivation should be selectively induced.  
Many previous studies undertaken on the effect of PTMs with regard to gene expression 
cannot be used, since they either focus on genes that are activated or genes that are 
repressed upon PTM acquirement. Currently, PTMs leading to distinctive transcription 
are more extensively studied, and we expect more differential PTMs soon to be 
uncovered, also in FXR. This is of great importance for FXR selective modulation. 
Development of selective ligands for FXR will lead to selective therapeutic agents, 
therefore greatly improving both research and patient care in a bench to bedside 
setting.  
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