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Adipocytes and adipose tissue 

The storage of energy as lipids is a mechanism present in unicellular and multicellular 
organisms and is highly conserved. Prokaryotes and single cell eukaryotes have 
specialized intracellular organelles capable of accumulating lipid droplets and 
specialized cells have evolved to store lipids in more complex organisms [1, 2].  
Invertebrates and vertebrates have specialized lipid-storing cells that share 
developmental programs, transcriptional cascades and key enzymes that are 
important for fat synthesis, storage and release. The specialized lipid-storing cells 
are known as adipocytes and they are the defining component of adipose tissue (AT).

AT is not only composed of adipocytes but also of immune cells -such as macrophages, 
T-regulatory cells (T-regs) and invariant natural killer cells (iNKT)-, endothelial cells 
and fibroblasts. AT functions can be separated in i) “classical” functions of AT, i.e. 
protection against cold and mechanical stress and storage and release of energy, 
and ii) “novel”, more recently identified functions, i.e. the production and secretion 
of adipokines that regulate whole body metabolism [3-5]. Two main types of adipose 
tissue are found in mammals that differ in origin and function, white (WAT) and 
brown (BAT) [6, 7]. Adipocytes in BAT contain multilocular lipid droplets and high 
amounts of mitochondria that are used for the conversion of stored lipids into 
heat, in contrast with WAT, where adipocytes contain a single lipid droplet and 
significantly less mitochondria. The origin of WAT and BAT remain largely unexplored; 
WAT and BAT develop from the mesoderm germline but BAT originates from Myf5 
and Pax7 positive precursor cells [8]. In fact, muscle cells and brown adipocytes 
share a common lineage and the dermomyotome can give rise to both cell types 
but not white adipocytes [9]. In addition, WAT and BAT also differ in location, as 
BAT is restricted to the intrascapular region in mice and the supraclavicular, neck 
and paravertebral regions in humans. Recently it has been shown that adipocytes 
holding characteristics of both brown and white are more common than previously 
appreciated, the so-called beige adipose tissue [10]. 

As mentioned above, the classical function of WAT has been traditionally centered 
around its ability to control energy homeostasis through the storage and release 
of lipids in response to systemic nutritional and metabolic needs. Dysregulation of 
adipose tissue due to an excessive and prolonged exposure to over-caloric diet is a 
hallmark in the development of obesity and obesity-associated diseases like Type II 
Diabetes and cancer [11]. Currently, the incidence of obesity is increasing in every 
country and the global incidence of type II diabetes is projected to double by 2030 
reaching the remarkable number of 350 million cases [12]. 

Obesity is viewed as an important first step in the development of Insulin resistance and is 
characterized by an increase in adipose tissue size mass [13, 14]. This increase in size mass 
leads to an increased secretion of free fatty acids and several adipokines, like resistin and 
TNFa, together with reduced secretion of other adipokines, like adiponectin, ultimately 
resulting in a metabolic state in which muscle, liver and AT have a reduced response to 
insulin. White adipose tissue can increase in mass by two different ways, an increase in 
size of existing adipocytes, known as hypertrophy, and an increase in the number of 
adipocytes through the differentiation of mesenchymal stem cells into new adipocytes, 
a process referred to as hyperplasia [15]. The number of preadipocytes in a given depot is 
established early in life and is somehow stable through adulthood. Recently it has been 
shown however, that during prolonged caloric excess new adipocytes can emerge and 
can contribute to the expansion of the AT [15]. These processes can be observed after 
only a few days of an obesogenic diet, whereas a reduction in cell number or cell size can 
be appreciated within 24 hours of fasting [15, 16]. The balance between hypertrophy and 
hyperplasia plays a crucial role in the metabolic health of the AT. The relation between an 
increase in adipocyte size and systemic insulin resistance was noted more than 70 years 
ago [17, 18]. In addition, studies have shown that small adipocytes can counteract the 
effects of obesity-related metabolic complications [19], for instance an increase in small 
adipocytes number have a protective effect in the development of diabetes [20, 21]. The 
understanding of the molecular ques that govern adipocyte differentiation and function 
remain of capital importance in order to develop appropriate therapies that improve 
insulin resistance and stop the development of type 2 diabetes.

The differentiation of preadipocytes into mature adipocytes is known as adipogenesis. 
This process is regulated by a network of transcription factors that are tightly 
controlled and synchronized to coordinate the expression of hundreds of proteins 
responsible for establishing the mature adipocyte phenotype [22, 23]. Among these 
transcription factors there is one that stands out, Peroxisome Proliferator Activated 
Receptor gamma (PPARg), known as the master regulator of adipogenesis. Without 
PPARg, adipocyte progenitor cells are incapable of expressing any differentiated 
adipocyte characteristic [23]. Furthermore, expression of PPARg in mesenchymal stem 
cells is sufficient to initiate the adipocyte transcriptional program that leads to the 
typical adipocyte phenotype [24]. The role of PPARg in adipocytes, immune cells and 
its contribution to cancer will be extensively discussed in Chapter 2. 

Transcription factors are proteins that activate or repress the expression of their 
target genes and they do so predominantly by binding the DNA. Transcription factors 
are activated by different means, such as ligands, post-translational modifications or 
interactions with specific transcriptional cofactors. They often represent the endpoint 
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processes such as metabolism, cell growth or apoptosis. Overactivation of these 
pathways is among the most well-established mechanisms to drive cancer initiation 
and progression [33], providing a strong hypothesis as to how high insulin levels 
can contribute to the development of tumours and their proliferation. In chapter 7  
we discuss the molecular details of the interaction between TRIB3 and Akt/PKB, a 
downstream kinase activated by insulin and IGF1. In addition, hyperlipidemia is also 
associated with increase in cancer risk and mortality through a similar mechanism. 
Hyperlipidemia is characterized by elevated low-density lipoprotein (LDL) 
cholesterol and triglycerides (TG) and low high-density lipoprotein (HDL) cholesterol. 
This metabolic alteration in circulating lipids leads to the activation of oncogenic 
pathways such as Akt/mTOR and Akt/glycogen synthase kinase 3b/b-catenin [34]. 

Altered adipokine profile secretion is another mechanism that can contribute 
to cancer onset and progression [35, 36]. Low levels of adiponectin, a 30-KDa 
adipokine involved in the regulation of insulin sensitivity and glucose levels [37], 
are associated with obesity and cardiovascular diseases. Studies have shown that 
low levels of adiponectin are associated with increased cancer risk while high levels 
have protective effects [37]. Leptin, which displays high levels in obesity, is also 
positively correlated to increase cancer risk [38]. Adipokines have been implicated 
in the metabolic reprogramming that cancer cells undergo in order to increase their 
glucose uptake and glycolytic activity [39], known as Warburg effect, a metabolic 
adaptation of cancer cells that supports their high proliferative state [40, 41].

Figure 1: The role of healthy and obese AT. 

of a cascade of events that leads to the activation of a certain cellular pathway. 
Adipocyte differentiation and function are controlled by a number of transcription 
factors that cooperate and have to be coordinated to ensure a full adipocyte 
phenotype [22]. In this context, proteins that regulate signal transduction from the 
membrane to the transcription factors are of crucial importance. These proteins 
modulate the signal flow into different pathways that triggers the activation of the 
specific genes that will lead to a fully differentiated adipocyte. Protein kinases and 
pseudokinases are a good example of this, and in recent years they have emerged 
as important regulators of AT function [25]. As will be discussed in Chapter 4 and 
chapter 5, pseudokinases such as TRIB3 and signal transmitters such as FHL2 are 
important regulators of adipocyte differentiation and function.

Adipose tissue, metabolism and cancer
Many epidemiological studies highlight the role of adipose tissue in cancer: it is 
estimated that one fifth of all cancer deaths in the United States can be attributed 
to obesity [26]. It has been shown that adiposity increases the incidence of at least 
13 different types cancer, including colon, breast (in post-menopausal woman), 
endometrium, kidney, esophagus, gastric cardia, pancreas, gallbladder and liver 
cancer [27]. While the correlation between adiposity and cancer incidence is already 
strong, the correlation between adiposity and cancer mortality is even higher: in the 
case of breast cancer, very obese women have a three times higher cancer death rate 
compared to very lean women [28].  When all the epidemiological evidence is taken 
together, studies have concluded that the percentage of disease that can be attributed 
to adiposity ranged from 56.8% in the case of endometrial cancer to 14.2% in the case 
of colorectal cancer in women [29]. Adiposity is responsible for 22.6% of breast cancer 
cases, 42.5% of kidney cancer cases and 26.9% pancreas cancer cases, illustrating the 
enormous number of cases that could have been prevented by maintaining a normal 
weight through adulthood.  Since the global obesity epidemic has not shown clear 
signs of declining, understanding the molecular mechanisms behind the relation 
between adipose tissue and cancer has become a highly relevant field of research.

The mechanisms through which AT contributes to an increased cancer risk are 
not always clear and some of them are speculative. However, there are some clear 
factors that have been shown to be important. As discussed before, hypertrophic, 
malfunctioning adipocytes are responsible for an increase in systemic insulin 
levels and an altered circulating lipid profile, known as hyperinsulinemia and 
hyperlipidemia respectively. Chronic high levels of insulin have been associated with 
colon, breast and pancreas cancer [30-32]. Insulin and insulin-like growth factor 1 
(IGF1) induce activation of PI3-kinase and MAP kinase pathways that regulate cellular 
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competitors. The first class, allosteric regulators, exert their function through binding of 
an –often related– active enzyme.  Pseudoenzymes that fall into this category retain an 
enzyme-like structure and they have been proposed to arise from gene duplications. 
Examples of these pseudoenzymes can be found in the protein kinase, phosphatase 
and ubiquitination fields, such as HER3/EGFR, KSR/RAF and MDM2/MDMX [50-52]. The 
second class of pseudoenzymes are molecular switches that can alternate between an 
inactive and active conformation. This change in activity can be triggered by ligands or 
post-translational modifications. A good example of this is Mixed lineage kinase domain-
like (MLKL) pseudokinase, where phosphorylation of its activation loop by RIPK3 has 
been proposed to trigger a conformational change that results in the release of the 
N-terminal domain [53, 54].  The third class of pseudoenzymes diverge more from their 
catalytic active homologues as they have gained a specific function as protein interaction 
modules; these protein scaffolds can facilitate or inhibit protein complex formation or 
regulate their localization or trafficking. Tribbles are a good example of this category 
as they have been shown to be able to form a ternary complex between COP1 and C/
EBPa promoting the ubiquitination and degradation of the latter [55].  Finally, the last 
category are the enzymatic competitors: these proteins act as competitors for substrate 
binding or complex assembly with an active enzyme regulating its enzymatic activity. An 
example of the first mechanism is STYX, which has been shown to bind and prevent ERK1 
and ERK2 dephosphorylation and subsequent inactivation by DUSP4 [56, 57]. Most likely 
this group has evolved from loss of catalytic function and is highly abundant in nature.

Figure 2: Different mechanism of action of pseudoenzymes.  

Moreover, adiposity is known to influence the production and bioavailability of 
endogenous sex steroids hormones through several mechanism [42]. For example, 
AT is responsible for the expression of aromatase enzymes, and elevated levels of 
proinflammatory cytokines such as TNFa and IL6 increases their expression in obesity 
[43]. High levels of aromatases produced by breast adipose tissue led to increased 
estradiol concentrations that ultimate results in increased estrogen receptor (ER) 
activity [44]. Dysregulation of ER activity is one of the most well-known mechanisms 
behind breast cancer physiopathology [45]. PPARg, which belongs to the same nuclear 
receptor superfamily of transcription factors as ER, has also gained attention in recent 
years as a tumor suppressor. Thiazolidinediones (TZDs) are PPARg ligands that are used 
as insulin sensitizing drugs, which have been shown to have anti-tumor effects in 
several cancer types including breast and colon [46]. In Chapter 2 we summarized the 
current knowledge on the different mechanism of action of PPARg, including its overall 
role in cancer cells and the role of PPARg mutations described in different cancers. 

The epidemiological links between AT and cancer are various and strong, and 
the mechanisms described above are only some of all the different ways AT and 
adipocytes influence cancer initiation and progression. Some other mechanisms 
that are less well understood and are still under investigation include the role of 
adipocytes in remodeling the extracellular matrix and the crosstalk between cancer 
cells and the cancer-associated adipocytes [47, 48]. In this context, where AT is 
not just a cancer risk factor but even a more direct contributor to tumorigenesis, 
understanding the molecular basis of adipocyte function and malfunction is critical 
to design new therapies against obesity-related complications and cancer.

The importance of Pseudoenzymes in biology
As mentioned above, transcription factors and signal transduction intermediates 
rely heavily on post-translational modifications to carry out their function, these 
modifications are the result of enzymatic reactions. Enzymes are proteins that 
transformed substrates into products by catalyzing a chemical reaction, i.e., 
transferases, hydrolases or ligases.

Nearly all types of known enzyme families include pseudoenzyme homologues,  proteins 
that are predicted to be catalytic inactive due to the lack of key catalytic domains and 
are conserved across all branches of life [49]. Pseudoenzymes have evolved to regulate 
cell biology in a catalytically-independent manner and our understanding of their 
molecular actions is very poor compared to their enzymatically active counterparts.  
Pseudoenzymes can be divided according to their mechanism of action into four mayor 
classes; allosteric regulators, molecular switchers, interaction platforms and enzymatic 
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Box 1: Mass spectrometry in molecular biology
Mass spectrometry (MS) instruments measure the mass-to-charge ratio of ionized 
molecules from which we can infer qualitative and quantitative information ranging 
from molecular structures to elemental composition. All mass spectrometers are 
composed of three main parts: an ion source, a mass analyzer and a detector. The 
ion source generates ions by transferring molecules from liquid or solid state to a 
gas phase. Two soft ionizing techniques are the most widely used in proteomics, 
Electro Spray Ionization (ESI) and Matrix Assisted Laser Desorption and Ionization 
(MALDI) techniques. The charged macromolecules are then separated according to 
their mass-to-charge ratio in the mass analyzer by using electric or magnetic fields. 
Mass analyzers are often used in tandem to analyzed the fragmentation pattern 
of the ionized biomolecules, allowing for example the identification of specific 
peptide sequences. Ion sources and mass analyzers can be combined, named for 
example MALDI/TOF (time-of-flight) or ESI-Orbitrap [65, 66]. Finally, the ions reach 
the detector and are recorded, and the results are then transformed to intensities as 
a function of mass-over-charge values in a plot known as a mass spectrum. 

Complex samples can be separated using a liquid chromatography connected to 
the MS (LC-MS) and a series of MS spectra can be collected as the molecules elute. 
In a common proteomics MS setup for protein identification, an MS/MS spectrum 
is generated where peptides have been fragmented and analyzed so the peptide 
information sequence is obtained, and subsequently the MS spectrum is then 
used to query a protein database using an array of bioinformatic tools. In the last 
decade MS has become the most popular method to study all aspects of proteins 
as it presents clear advantages compared to other proteomics techniques, such as 
sensitivity, opportunities for automation and reproducibility. MS-based proteomics 
is widely used for the identification and quantification of proteins and to study 
posttranslational modifications of proteins [67]. 

To gain insight into the biological function of pseudoenzymes, especially 
pseudokinases, it is crucial to elucidate the set of proteins that are interacting with, 
the so-called interactome, in a given biological context. MS-based proteomics 
approaches are the method of choice to comprehensively identify protein-protein 
interactions (PPI). The popularity of this technology has led to a great number of 
methodologies and workflows that have been reviewed elsewhere [68]. Affinity-
purification mass spectrometry (AP-MS) and proximity ligation workflows are among 
the most commonly used. These methods rely either on a purification step of the 
protein of interest or on the purification of the modified proteins in close proximity 
to the protein of interest, respectively. AP-MS experiments require antibodies with 

In terms of their evolutionary trajectory, pseudoenzymes have mostly evolved from 
ancestral active enzymes through the loss of catalytic residues or motifs. Interestingly, 
the gain of these motifs does not always restore the catalytic function of the 
pseudoenzyme and whether a pseudoenzyme can be reverted into an active enzyme 
depends widely on the protein family [58]. For example, pseudophosphatases can 
often be converted into active enzymes by simply introducing lost catalytic residues, 
indicating that the phosphopeptide-binding site ability has been preserved because 
of its importance for the biological function of the pseudoenzyme [59]. On the other 
hand, pseudokinases are a family of pseudoenzymes that are rarely convertible into 
active kinases by reintroducing catalytic residues or small domains. This might have 
different explanations, as it has been noted by others that kinases have a more complex 
catalytic mechanism that relies vastly on conformational changes, which may explain 
why the introduction of the necessary catalytic motifs might not be enough to gain the 
lost activity [60]. Another possibility is that pseudokinases have evolved away from their 
catalytic counterparts and their biological function is more linked to the interaction 
platform that they provide in complex formation, trafficking and localization or allosteric 
regulators [60]. Pseudoenzymes that have evolved structurally and functionally away 
from the enzyme they originate from are more complex to associate to specific 
pathways or functions, and pseudokinases are a good example of this. Pseudokinases 
are often expressed temporally and spatially alongside the enzyme they are derived 
from, as most pseudokinases arisen from gene duplications [61]. However, the loss of 
evolutionary pressure on catalytic domains and specific architectures allowed them to 
acquire new functions, reinforcing their roles as interactions platforms [62, 63]. 

The study of pseudoenzyme functions is shifting away from being considered 
only catalytic dead enzymes and their roles as interaction platform that can 
regulate a plethora of signaling and metabolic processes is becoming more and 
more important. Mass spectrometry-based proteomic approaches provide an 
exceptionally well-suited way to study their function within cells in the context of 
protein complexes, allowing the identification of protein-protein interactions that 
are pivotal for understanding the role of these pseudoenzymes [64] (see Box 1). 
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Evolving from a common ancestor, the three mammalian TRIB proteins (TRIB1, TRIB2 
and TRIB3) have a central bi-lobed pseudokinase domain that contains a DLK motif 
shared by most bona fide kinases, but lacks the ATP coordination site VAIK and the 
magnesium binding motif DFG [81]. Interestingly, instead of the canonical DFG motif 
found in kinases almost all Tribbles contain a S/NLE motif [82], underpinning an 
evolutionary selective pressure to maintain this motif in the pseudokinase domain. 
The central pseudokinase domain is flanked by a divergent N-terminus domain that 
has been proposed to mediate protein turnover and a C-terminus tail that contains 
binding motifs for mitogen-activated protein kinase (MAPK) and the E3 ubiquitin 
ligase COP1 [83-86]. Current knowledge on additional roles of the N- and C-terminal 
domains of Tribbles proteins is limited. In chapter 3 we investigated additional roles 
of the N- and C-terminus of TRIB3 using MS-based proteomics approaches. 

The 3 mammalian TRIB family members (TRIB1, -2 and -3) function as interaction 
platforms regulating a plethora of signaling and metabolic pathways, and all three 
members of the family have evolved to have largely non-redundant roles despite their 
high degree of homology. A good example of this is the role of Tribbles in hematopoiesis, 
where TRIB1 and TRIB2 are able to regulate maturation and function of myeloid and 
lymphoid lineages, respectively, while TRIB3 plays no role in either process [80, 87]. The 
interactions with protein kinase B (also known as Akt kinase) and C/EBP transcription 
factors are among the most well-studied partners of Tribbles, and here the roles of 
the individual TRIB family members are not only non-redundant but even opposing. 
Whereas TRIB3 has been reported to inhibit PKB phosphorylation and activation by 
mTOR, TRIB1 and TRIB2 have been showed to enhance PKB phosphorylation [88, 89]. 
In addition, different member of the C/EBP family of transcription factors have been 
reported bind to Tribbles proteins. Upon binding to C/EBP proteins, Tribbles proteins 
undergo conformational changes that disrupts intermolecular interactions between 
their C-terminal tail and their pseudokinase domain [82], resulting in the release of 
the C-terminus and exposing the binding motif for COP1. The binding of COP1 will 
ultimately result on the ubiquitination and subsequent degradation of the C/EBP 
protein bound in the first place. Although all mammalian Tribbles can interact with 
C/EBP proteins and COP1, the result of this ternary complex between C/EBP protein, 
COP1 and a TRIB member does not always result in same level of degradation of the 
C/EBP protein: TRIB1 has an enhanced capacity to promote the degradation of C/EBP 
molecules when compared to TRIB2 and -3 [55]. 

Furthermore, TRIB1 and -3 have been shown to play a critical role in metabolism. 
Shortly after the discovery of drosophila Trbl one of the human homologs, TRIB3, 
was linked to AKT/PKB phosphorylation in response to insulin in the liver [90]. In 

high enough specificity and affinity and therefore proteins of interest are often 
tagged with well-defined epitopes to allow the use of high affinity, high specificity 
antibodies against these epitope tags. In recent years nanobodies have been 
introduced and have drastically reduced the disadvantages of antibody-based 
research, such as problems of cross-reactivity, low affinity and large size of the 
antibody. Nanobodies contain a single antigen-binding domain that carries a very 
high affinity for the target protein and minimized background binding and peptides 
release during sample digestion, allowing a fast and efficient purification [69, 70]. 
Recently there has also been improvements in proximity ligation methods, which 
both circumvent the need for high affinity, high specificity antibodies as well as 
allowing the identification of protein-protein interactions of a weak and/or transient 
nature. One method known as BioID relies on the high affinity of streptavidin for 
biotin by fusing  a promiscuous biotin protein ligase to the protein of interest to 
biotinylate proteins in close proximity  [71]. Alternatively, ascorbate peroxidase 
was engineered to allow labeling of close proximity proteins in the so-called APEX 
method [72].  In this method the protein of interest is fused to a peroxidase that upon 
treatment with H2O2 catalyze the covalent labeling of proteins in a radius of 20nm. 
Both methods allow for stringent enrichments and washing protocol that reduce 
background binding when compared to antibody-based AP-MS.

Tribbles family of pseudokinases
Protein kinases are present in all branches of life and their impact in cellular biology 
has long been appreciated [73]. Recently, also non-enzymatic roles have become 
clear, particularly their role as interaction platforms [61]. This may explain, at least 
in part, the amount of non-catalytic kinases and their conservation across different 
species. In fact, pseudokinases represent 10% of the human kinome [62]. Tribbles 
(TRIB) proteins represent a family of serine/threonine pseudokinases that play a key 
role in many metabolic and cellular pathways [74, 75]. Tribbles proteins function 
as signaling mediators and scaffolding proteins that regulate protein stability and 
activity, they exert their non-enzymatic roles through interactions with kinases, 
phosphatases, transcription factors and components of the ubiquitin-proteasomal 
system. Tribbles were first discovered in Drosophila (trbl) where they were found 
to induce proteasome-mediated degradation of slbo and String, homologues 
of the transcription factor C/EBPa and the phosphatase CDC25, respectively [76, 
77]. In addition, Tribbles proteins have been implicated in cellular proliferation, 
differentiation, cell cycle and cell death [78-80]. 
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previously described MS-based approach (Chapter 3) to study the role of FHL2 
during adipogenesis, validating a new interaction and a new role for this protein in 
adipocytes. In chapter 6, we presented TRIB3 as a regulator of PPARg expression in 
breast cancer cells. We showed that TRIB3 levels affect the phosphorylation status of 
a number of transcription factors and the levels of H3K4me3 in the cell. Moreover, we 
speculate with the possibility that this new role of TRIB3 could be mediated through 
the newly discovered interaction with the MLL-WRAD complex. In chapter 7, we 
investigated the interaction between TRIB3 and AKT/PKB. We used a combination of 
in vitro and computational modeling to unravel a new function for the C-terminal 
domain of TRIB3. Finally, in chapter 8, we summarized our findings and discuss the 
future directions of our studies.

fact, high Drosophila Trbl levels have been associated with decreased phospho-
PKB levels in response to a high fat diet (HFD) [91], a hallmark in the development 
of insulin resistance. Moreover, a human TRIB3 non-synonymous polymorphism 
resulting in substitution of a glutamine residue with an arginine residue at position 
84 (84R variant) results in a stronger inhibitory capacity of insulin-mediated PKB 
activation and is associated with increased risk to develop insulin resistance and 
T2DM [92]. In addition, TRIB3 has been shown to promote acetyl-CoA carboxylase 
ubiquitination and degradation by COP1 during fasting, thus affecting lipolysis and 
regulating lipid metabolism [86]. TRIB1 has also been extensively associated with 
lipid metabolism in the liver [93, 94], in mice TRIB1 over-expression in liver cells was 
shown to promote fatty acid oxidation and reduce triglyceride synthesis [95] and 
TRIB1 knock down mice showed traits of hypertriglyceridemia [96]. More recently, 
TRIB1 has been shown to influence hepatic lipid metabolism in humans by regulating 
C/EBPa posttranslational status [97]. In addition to its role in the liver, adipose 
TRIB1 has been reported to regulate plasma adiponectin levels [98], an important 
adipokine secreted by the AT that controls glucose levels and fatty acid oxidation. 
As we discuss in chapter 4, TRIB3 knock out mice show impaired adiposity without 
being challenged with an HFD.  In addition to insulin resistance and diabetes, TRIB3 
has been associated with atherosclerotic plaque rupture, b-cell dysfunction and non-
alcoholic fatty liver disease (NAFLD) [99-101], underscoring the need to expand our 
understanding of the functions of TRIB3 in metabolic related complications. 

Outline of the thesis
In this thesis, we broaden the basic knowledge on how adipose tissue in regulated and 
what factors contribute to adipocytes differentiation and function and also try to cross 
the boundary between the adipose tissue and the cancer field, to study proteins that 
are traditionally studied in an adipocyte context in cellular cancer models. We made 
extensive use of MS-based proteomics approaches in combination with other molecular 
biology techniques, unraveling previously unknown interactions and functions. 

One of the cellular proteins traditionally studied in an adipocyte context is PPARg,  
the master regulator of adipocyte differentiation and function. In chapter 2, we 
review its role and different molecular actions in adipocytes, but expand that to 
cancer cells and immune cells. In chapter 3 we established an MS-based approach 
to study the Tribbles interactome in different cancer cells, identifying new interactors 
as well as unravelling the role of the N-terminal domain of TRIB3. In Chapter 4 we 
use a combination of in vivo and in vitro approaches to study the role of TRIB3 
in AT. We characterized the overall adipose tissue phenotype in the Trib3-/- mice 
and also describe the TRIB3 interactome in adipocytes. In chapter 5 we used the 
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Abstract

The proliferator-activated receptor γ (PPARγ), a member of the nuclear receptor 
superfamily, is one of the most extensively studied ligand-inducible transcription 
factors. Since its identification in the early 1990’s, PPARγ is best known for its 
critical role in adipocyte differentiation, maintenance, and function. Emerging 
evidence indicates that PPARγ is also important for the maturation and function 
of various immune system-related cell types, such as monocytes/macrophages, 
dendritic cells, and lymphocytes. Furthermore, PPARγ controls cell proliferation in 
various other tissues and organs, including colon, breast, prostate, and bladder, and 
dysregulated of PPARγ signaling is linked to tumour development in these organs. 
Recent studies have shed new light on PPARγ (dys)function in these three biological 
settings, showing unified and diverse mechanisms of action. Classical transactivation 
- where PPARγ activates genes upon binding to PPAR response elements as a 
heterodimer with RXRα - is important in all 3 settings, as underscored by natural 
loss-of-function mutations in FPLD3 and loss- and gain-of-function mutations in 
tumours. Transrepression-where PPARγ alters gene expression independent of DNA 
binding - is particularly relevant in immune cells. Interestingly, gene translocations 
resulting in fusion of PPARγ with other gene products, which are unique to specific 
carcinomas, present a third mode of action, as they potentially alter PPARγ’s target 
gene profile. Improved understanding of the molecular mechanism underlying PPARγ 
activity in the complex regulatory networks in metabolism, cancer, and inflammation 
may help to define novel potential therapeutic strategies for prevention and 
treatment of obesity, diabetes, or cancer. 

Introduction: PPARG

General modes of action 
Since its discovery in the early 1990’s by Tontonoz et al. (1), the nuclear receptor 
PPARγ, encoded by the PPARG gene on chromosome 3p25.2 in humans (Figure 1A) 
(2), has been recognized as the master regulator of adipose tissue biology. The 
human PPARG gene, encompassing 9 exons, generates four PPARG splice variants 
(PPARG1-4) encoding for two protein isoforms via differential promoter usage 
and alternative splicing (Figure 1B) (3). The mRNAs PPARG1, PPARG3, and PPARG4 
all give rise to the PPARγ1 isoform. PPARγ1 is a 477 amino acid protein that is 
broadly expressed with relative high levels in the adipose tissue, liver, colon, heart, 
various epithelial cell types and skeletal muscle. In addition, PPARγ1 is expressed in 
numerous cells of the immune system, including monocytes/macrophages, dendritic 
cells, and T lymphocytes. The PPARG2 mRNA transcript translates into the PPARγ2 
isoform. PPARγ2, containing an additional 28 amino acids in its NH2-terminus, is 
almost exclusively expressed in adipose tissue. This isoform is also expressed in 
urothelial cells (4,5), which are highly specialized transitional epithelial cells that 
line the organs of the urinary system, including the bladder, and in regulatory T 
cells (Tregs) and other T cell populations, albeit that total PPARγ expression is low 
in non-Tregs (6). Recently, a third and fourth PPARγ protein isoform, denoted as 
PPARγ1∆5, and PPARγ2∆5, respectively, have been reported (Figure 1B) (7). PPARγ2∆5 
is endogenously expressed in adipose tissue and lacks the entire ligand binding 
domain (LBD) due to physiological exon 5 skipping (7). The endogenous expression 
PPARγ∆5 positively correlates with body mass index (BMI) in overweight or obese 
and type 2 diabetic patients. The naturally occurring PPARγ∆5 isoforms impair the 
adipogenic potential of adipocyte precursor cells by dominant-negative inhibition 
of PPARγ, which possibly contributes to adipose tissue dysfunction in obesity (7).

PPARγ is a representative member of the nuclear receptor (NR) superfamily. To 
date, 48 NRs have been identified in human. NRs regulate various critical aspects 
in development, physiology, reproduction, and homeostasis. NRs are multi-domain 
ligand-inducible transcription factors that share a structural homology to a varying 
extent (8). Alike other NRs, PPARγ contains an autonomous transactivation domain 
1 (AF-1) in the unstructured N-terminus (Figure 2). The AF-1 domain is implicated in 
the constitutive ligand-independent activation of PPARγ target genes. Juxtaposed 
to the AF-1 domains is the DNA binding domain (DBD) that contains two zinc fingers 
required for DNA binding. The DBD connected to the ligand binding domain (LBD) 
via a flexible hinge region. In the case of PPARγ, this hinge region physically interacts 
with the DNA (9). The ligand binding domain (LBD) is situated in the C-terminus. 
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Figure 2. Overview of identified natural PPARG mutations implicated in FPLD3 and cancer.  
A) Schematic representation of the distinct domains of PPARγ. Mutations indicated above the PPARγ 
structure are mutations are germline loss-of-function mutation, implicated in FPLD3. Mutations depicted 
below the PPARγ structure are somatic loss-of-function or gain-of-function mutations identified in 
different cancer types. Mutations have been identified in tissue form digestive tract (colon, stomach, 
oesophagus, and pancreas; indicated in blue), melanoma (green), breast cancer (pink), prostate cancer 
(yellow), and bladder cancer (red). Some bladder cancer-associated PPARγ mutations (underscored in 
figure) have also been identified in other types of cancer, including lung cancer (E3K), kidney cancer 
(R164W), endometrium cancer (S249L), melanoma (M280I), and diffuse glioma (T465M) respectively.  
B) FPLD3 (orange) and cancer associated mutations (red) indicated in 3D representation. PPARγ (green) 
was crystalized in complex with RXRa (blue) on DNA (yellow) with Rosiglitazone, 9-cis retinoic acid and 
NCOA2 peptide (grey).
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Figure 1. Genomic Map of the PPARG Gene On Chromosome 3p25 And Structure of PPARγ Isoforms. 
A. The gene PPARG is situated on chromosome 3p25. The gene encompassed 9 exons (exon A1-2, exon 
B-D, and exons 1-6). B. Alternative promoter and mRNA splicing give rise to several PPARγ mRNA and 
protein isoforms. The mRNAs PPARG1, -3, and -4 translate into PPARγ1 (477 amino acids; AA). mRNA 
PPARG2 gives rise to PPARγ2 (505 AA). A third and fourth PPARγ protein isoform, denoted as PPARγ1∆5 
and PPARγ2∆5, have been reported. These isoforms lack the ligand binding domain (LBD), which is due to 
alternative splicing. Chromosomal rearrangement of PPARγ leading to PAX8/PPARγ and CREB3L2/PPARγ 
fusion proteins, contains functional DBDs of both proteins, have been described in carcinogenesis.
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transrepression (Figure 3B). This mechanism involves antagonizing the NF-κB and 
AP-1 pro-inflammatory signalling pathways, and has been mostly described in 
immune cells (19–23). In this case PPARγ does not bind to DNA itself, and several 
studies indicate that PPARγ transrepresses genes as a monomer, i.e. independent of 
RXRα (23). While various mechanisms have been postulated for transrepression by 
different NRs (24–26), the most detailed mechanism proposed for PPARγ involves 
inhibition of co-repressor degradation. Pascual et al. (2005) showed that clearance of 
NCoR/SMRT-HDAC3 complexes by proteosomal degradation from various AP1- and 
NFkB -regulated promoters (e.g IL-8, Mmp12 and iNOS) upon activation is prevented 
in the presence of liganded, monomeric PPARγ. 

Interestingly, the transrepression mechanism described above involves a specific 
post-translational modification, SUMOylation of lysine 365. In fact, to adequately 
processes external signals and adapt to relevant gene expression programs 
PPARγ activity is regulated by several, probably interconnected, post-translational 
modifications, including phosphorylation, acetylation and the aforementioned 
SUMOylation (reviewed in (27)). Depending on cellular context and the kinases 
involved, phosphorylation of PPARγ S112 can either impair or increase PPARγ activity 
(28). Phosphorylation of PPARγ S273 by Cdk5 does not affect its adipogenic capacity, 
but affects many PPARγ target genes that have been shown to be dysregulated 
in obesity (29). In addition, acetylation of K268 and K293 correlates with the 
phosphorylation status of S273 and favours lipid storage and cell proliferation 
(30). Selective adipocyte deletion of the deacetylase Sirt1 that deacetylates 
PPARγ K268 and K293 leads to dephosphorylation of S273 and improve metabolic  
functions (31). 

Alike other NRs, PPARγ governs nutrient- and hormone-mediated responses. Despite 
intensive efforts, it is not clear whether PPARγ is in vivo activated by a specific, high-
affinity, endogenous ligand. PPARγ LBD crystal structures reveal a large ligand 
binding pocket (LBP), which not only allows for promiscuous binding of ligands 
with lower affinity, but also allows ligands to occupy the canonical LBP in different 
conformations (32). Indeed, the activity of PPARγ can be modulated by a variety 
of natural compounds, including polyunsaturated fatty acids (33), eicosanoids 
(34,35), and oxidized lipid components (discussed below) (36), suggesting that 
PPARγ functions as a general lipid or nutrient sensor (33). However, the physiological 
relevance of these compounds is not exactly clear. Endogenous ligands not only 
bind with low affinity for PPARγ, also the physiological concentrations in mammalian 
cells are often insufficient to function as a physiological ligand (37). Alternatively, 
the physiological activation of PPARγ could be the resultant of combined effects 

The LBD is a complicated structure that is arranged in a conserved three-layered 
α-helical sandwich containing 12 α-helices and four β-strand elements (8). The LBD 
overlaps with the ligand-dependent transactivation domain 2 (AF-2). The LBD is a 
key domain for transactivation of PPARγ target genes as it is implicated in ligand 
binding, heterodimerization with binding partner retinoid X receptor alpha (RXRα) 
and interactions with transcriptional co-regulators.

PPARγ exerts its gene regulatory potential via transactivation and transrepression 
(Figure 3). Transactivation involves a mechanism by which PPARγ binds as a 
heterodimer complex with RXRα to PPAR response elements (PPREs) (10). PPREs 
consist of a hexameric repeat (AGGTCA) spaced by one or two nucleotides (referred 
to as DR1 and DR2 elements) (11), which are situated in promoter and enhancer 
regions of PPARγ target genes (12). Noteworthy, enhancers may not only loop to 
the nearest promoters, but can also increase transcription of their target genes via 
looping to promoters at greater genomic distances. 

In the last decade genome-wide binding profiles of PPARγ have been mapped in 
different cell types, including adipocytes and macrophages (13–17). These binding 
profiles have not only indicated that PPARγ binds to thousands of sites in the genome, 
of which many binding sites are located far from proximal promoters, but also that 
the PPARγ binding is highly context-dependent as binding sites differ between cell 
types and even between adipocytes from different anatomical locations (13–17). The 
context-dependency of PPARγ binding is at least in part mediated by cooperative 
binding to the chromatin with other adipogenic transcription factors, such as C/
EBPα, followed by cooperative recruitment of coactivators (15).

Transcriptional control of the target genes by PPARγ furthermore depend on 
multiprotein coregulatory complexes that are recruited to the PPREs (18). In 
basal conditions, i.e. in absence of ligand, PPARγ/RXRα favours stable interactions 
with corepressor complexes, containing NCoR or SMRT, which recruit chromatin-
modifying enzymes such as histone deacetylases that make the chromatin 
inaccessible to binding of transcription factors or resistant to their actions and 
thereby actively repress transcription (Figure 3A). Upon ligand binding, the PPARγ/
RXRα heterodimer undergoes a conformational change that promotes corepressor 
release and recruitment of coactivators, like SRC1 and CBP. Coactivators enhance 
PPARγ transactivation by facilitating acetylation of the histone tails, making the 
chromatin less restrictive, and assembly of general transcriptional machinery. Next to 
the ‘classical’ transactivation mechanism described above, PPARγ can also negatively 
regulate gene expression by a mechanism referred to as ligand-dependent 
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ligands can occur when the canonical LBP is occupied by the covalent antagonists 
or endogenous ligands. Although the exact mechanisms are not clear, alternate site 
binding stabilizes the AF2 surface, most likely indirectly via stabilization of helix 3. 
Furthermore, coregulator-binding assays indicate that alternate site binding has an 
impact on coregulator interactions, transactivation, and target gene expression (49). 
The identification of the alternate binding site has three important implications. 
Firstly, compounds that block phosphorylation of S273 with little transactivation 
might be complicated by alternate site binding if this site in vivo contributes to 
classical PPARγ agonism. Secondly, it needs to be defined whether some of the 
supposed PPARγ-independent effects of TZDs could in fact be mediated by the 
alternate site binding. Lastly, allosteric modulators that target the alternate site 
might be particularly relevant for obese individuals in which the probability that 
canonical LBP is occupied by oxidized fatty acids due to increased bioavailability of 
endogenous ligands is increased (49). 

PPARγ in adipose tissue
White, beige, and brown adipocytes have been identified in mammals. Although 
these three type of adipocytes rise from different precursors and differ significantly 
in their morphology and function, the cells all go through a well-orchestrated 
differentiation process to become mature and fully functional (50). During the 
various stages of the adipocyte lifespan, PPARγ is a well-established key player. 
Recently a fourth type of adipocyte, denoted as pink adipocytes, has been described 
in in mammary glands of pregnant mice (51). During pregnancy, lactation, and post-
lactation subcutaneous white adipocytes in murine mammary gland undergo a 
transdifferentiation process ending in milk-producing epithelial glandular cells that 
contain abundant cytoplasmic lipid droplets to meet the nutritional needs of the 
pups. (51,52). As the number of studies in pink adipocytes is limited so far, we will 
focus in this review on the role of PPARγ in white, brown, and beige adipocytes. In 
these cells PPARγ exerts its essential functions primarily via ‘classical’ transactivation 
of target genes. 

White adipocytes
White adipose tissue (WAT) is the most abundant adipose tissue in the human body 
(53). Mature white adipocytes are unilocular cells composed of a large lipid droplet 
occupying ~95% of the cellular volume. Depending on the size of the lipid droplet, the 
cell size varies from 20-200 µM (54). The in vivo regulation of adipocyte development, 
including the stem cell commitment towards white adipocytes, is poorly understood. 
Adipocyte-lineage tracing, which so far can only be performed in mice, indicate that 
white adipocytes can be derived from both Myf5- and Myf5+ precursor cells (55). 

of multiple ligands that simultaneously bind with different affinities to distinct 
subregions in the LBP (38), thereby inducing different PPARγ conformations with 
potential different biological outcomes (38).

PPARγ is the cognate receptor for thiazolidinediones (TZDs), a class of anti-
hyperglycaemic drugs, including rosiglitazone and pioglitazone (39). TZDs stimulate 
adipogenesis (39) and cause a metabolically beneficial shift in lipid repartitioning 
from storage in visceral to subcutaneous adipose tissue depots as well as from 
ectopic storage in non-AT organs (e.g. liver muscle) to AT (40–42). TZDs and 
endogenous ligands have overlapping binding sites in the LBP, which potentially 
allows for binding competition to the same site. TZDs occupy the canonical LBP 
of PPARγ and by interacting with residues in helices 3, 5, 6, and 7 and the β-sheet, 
stabilizes the dynamics of helix 12 and the AF2 surface (43,44). 

Whereas TZDs are commonly referred to as full classical PPARγ agonists, TZDs have a 
separate biochemical activity: inhibition of the Cdk5-mediated phosphorylation of 
PPARγ at serine residue 273 (29). Phosphorylation of PPARγ S273 requires a physical 
interaction between CDK5 and PPARγ (45). The transcriptional corepressor NCoR 
is an adaptor protein for the physical interaction between CDK5 and PPARγ. Upon 
rosiglitazone the interaction between NCoR and PPARγ is reduced, which leads to i) 
derepression of PPARγ and activation of the PPARγ transcriptional program and ii) 
attenuation of the psychical interaction between CDK5 and PPARγ and subsequent 
reduced phosphorylation of S273 (45). Interestingly, MRL24 that displays poor 
agonistic activity but robust anti-diabetic activity in mice (46), was also very effective 
in inhibiting the Cdk5-mediated phosphorylation (47). This suggests that new classes 
of antidiabetic drugs that i) bind with high affinity to PPARγ, ii) specifically target 
the Cdk5-mediated phosphorylation of S273, and iii) completely lack the classical 
transcriptional agonism, hold promise for treatment of T2DM. The PPARγ ligand 
SR1664 was essentially displayed no transcriptional activity and was very effective in 
blocking the Cdk5-mediated phosphorylation (48). In obese mice, SR1664 displayed 
strong antidiabetic effects without adverse effects (48). However, unfavorable 
pharmacokinetic properties of SR1664 preclude its administration in human (48). 
Therefore, SR1664 should rather be considered as a proof-of-principle.  

In addition to binding in the canonical LBP, a recent structure-function study shows 
that some PPARγ ligands denoted as noncanonical agonist ligands (NALs), like 
the aforementioned compound MRL24, and SR1664, can also bind to an alternate 
site of PPARγ (49). TZDs, including rosiglitazone and pioglitazone display less 
prominent alternate site functional effects (49). The alternate binding of PPARγ 
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Brown adipocytes
Brown adipose tissue (BAT) emerged approximately 150 million years ago in 
mammals (59). BAT is unique for endothermic placental mammals and makes it 
possible to maintain a body temperature that is higher than the ambient temperature 
by producing heat independently of shivering and locomotor activity. This process 
is also referred to as non-shivering thermogenesis (59). BAT is richly innervated and 
vascularized and is composed of brown adipocytes (~ 40 µM in size) that contain 
multilocular lipid droplets and a large number of mitochondria (54). BAT derives 
its brown colour from the conspicuous iron-rich mitochondrial mass. BAT uniquely 
expresses the gene UCP1, which encodes for uncoupling protein 1 (UCP1), located in 
the inner mitochondrial membrane. When activated, UCP1 mediates non-shivering 
thermogenesis by uncoupling of the oxidative phosphorylation from ATP synthesis, 
thereby provoking 1) dissipation of chemical energy in the form of heat and 2) 
stimulating high levels of fatty acid oxidation (60). 

BAT is present in dedicated depots. In rodents BAT is abundantly present throughout 
life. In human adults, BAT is located mainly cervical/axillary, perirenal/adrenal, and in 
the mediastinum along large blood vessels, trachea and surrounding the intercostal 
arteries (61). In new-born infants, BAT is also situated between the shoulder blades 
as a thin kite-shaped layer (60). Although BAT depots regress with increasing age and 
can become even indistinguishable from WAT, healthy adults retain metabolically 
active BAT (62–64). For instance, positron emission tomography (PET) Computer 
Tomography (CT) in human indicated that BAT-mediated thermogenesis is activated 
and increases in size by cold exposure (62–64). This process is also known as BAT 
recruitment. Depending on the size of the BAT depots, thermogenesis can account 
for up to approximately 15% of the total daily energy expenditure (65). Therefore, 
increasing energy expenditure by activation of BAT has been suggested as a 
therapeutic strategy for treating obesity (66).

Mice studies indicate that PPARγ functions is a master regulator in BAT (67). BAT-
specific PPARγ knock out mice showed reduced wet weight of BAT, smaller brown 
adipocytes and smaller lipid droplets when compare to wild type animals. However, 
there was no difference in total body weight or body composition (68). Furthermore, 
it was also shown that loss of PPARγ inhibited the ability of brown adipocytes to 
respond to β -adrenergic stimulus in in vitro cultures (68). An increase in non-
shivering thermogenesis was observed in mice treated with TZDs (69,70), and  in 
vitro studies showed that activation of PPARγ in brown adipocytes leads to increase 
in adipogenesis and increase in lipid metabolism (71). Additional studies pointed at 
PPARγ as crucial regulator of UCP1 expression and BAT function (72). Specific BAT 

The Myf5-lineage distribution in adipose tissue is dynamic and can be affected by 
ageing and diet. The Myf5- and Myf5+ white adipocytes can compensate for each 
other during development, reflecting adipose tissue plasticity (55). In mice, depot-
dependent variations were observed among the degree of plasticity (55). Although 
it remains to be defined whether this concept also applies to human adipocytes, a 
heterogeneity in adipocyte origins may explain the heterogeneity in adipose tissue 
depot function and contribute to adipose tissue patterning variations in the human 
population (55). After stem cell commitment towards white adipocyte lineage, 
the expression and activation of PPARγ is both sufficient and crucial to initiate the 
adipogenic differentiation program and maintain adipocyte phenotype, integrity, 
and function, based on a large set of different genetic mouse models (56). PPARγ 
primarily regulates the expression of genes implicated in adipocyte differentiation 
and adipocyte maintenance. In addition, PPARγ governs the expression genes 
involved in various processes in lipid and glucose metabolism including lipogenesis 
(e.g. LPL, ANGTPL4, CIDEC), fatty acid transport (e.g. FABP4), and gluconeogenesis 
(e.g. PEPCK, GYK, AQP7).

The importance of PPARγ for white adipose tissue biology in humans is underscored 
in patients suffering from familial partial lipodystrophy subtype 3 (FPLD3), a rare 
autosomal dominant inherited condition caused by loss-of-function mutations in 
the PPARG gene (reviewed in (27)). Patients with FPLD3 lack subcutaneous adipose 
tissue in the extremities and gluteal region combined with lipohypertrophy in the 
face, neck, and trunk, and suffer from multiple metabolic complications including 
type 2 diabetes mellitus (T2DM). Since the first report of a germline loss-of-function 
mutation in PPARG in patients with FPLD3 (57) an increasing number of FPLD3-
associated mutations in PPARG has been identified (reviewed in (27)). The FPLD3-
associated PPARγ mutations are mainly situated in either the DBD or LBD (Figure 2). 
Mutations in the DBD interfere in efficient DNA binding. Mutations affecting the LBD 
-which are scattered over the whole LBD based crystal structures (Figure 2)-  often 
cause multiple molecular defects by impairing heterodimerization with RXRα, ligand- 
and/or cofactor binding (18). 

Taken together, genetic mouse models together with the FPLD3-associated PPARγ 
mutations indicate that PPARγ plays a key role in white AT differentiation, function 
and maintenance. The dominant mode of action in this biological setting appears 
to be ‘classical’ transactivation: the majority of genes regulated by PPARγ in white 
adipocytes rely on direct DNA binding, and FPLD3-associated PPARγ mutations do 
not alter transrepression, although this is not studied frequently (58). 
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the last twenty years (83–85). Although PPARγ expression have been described in 
several types of immune cells we will focus on monocyte/macrophages and dendritic 
cells as part of the innate immune system, and T cells of the adaptative immune 
system. 

As described above for adipocytes, PPARγ plays a role in determining the cellular 
phenotype by regulating differentiation (adipogenesis) and function (e.g. lipid 
metabolism and secretome) by directly activating the transcription of so-called 
PPARγ target genes. Similar molecular mechanisms are in place in immune cells, 
and also here PPARγ can deterimine cellular phenotype: amongst others, PPARγ 1) 
regulates macrophage differentiation, 2) regulates classical/alternative macrophage 
activation (‘polarization’), 3) controls lipid metabolism in multiple immune cell types, 
and 4) plays an immune-modulatory role. PPARγ function in immune cells could 
also be categorized according to its mechanism of action, with the regulation of 
lipid metabolism and the ability to induce differentiation of immune cells more 
linked to ‘classical’ transactivation, while the transrepression activity of PPARγ is 
more important in its immunomodulatory role and both mechanisms are involved 
in macrophage activation. 

Transactivation by PPARγ in immune cells
PPARγ can directly activate the transcription of target genes in immune cells 
through direct DNA binding, similar to its activity in adipocytes described above. As 
mentioned earlier, the genomic locations where PPARγ binds and the target genes 
partly overlap between for example adipocytes and macrophages, but cell-type 
specific regulation may depend on cooperation with other transcription factors like 
PU.1 and STAT6 (86,87).

PPARγ expression is highly induced during monocyte to macrophage differentiation 
(88–90), and although initial studies using embryonic stem cells suggested that 
PPARγ is dispensable in this process (91), more recent studies have demonstrated 
that PPARγ is essential for the differentiation of fetal monocytes into alveolar 
macrophages (92). In mature macrophages, PPARγ was found to cooperate with 
PU1 specifically on monocyte-unique target genes (86), reminiscent of the interplay 
between PPARγ and C/EBPa in adipocytes mentioned earlier. PPARγ is also expressed 
in several dendritic cell (DC) subtypes and is also highly upregulated in monocyte-
derived DC differentiation (93,94). Although the importance of PPARγ in immune cell 
differentiation is evident, little is known about the exact function of the receptor in 
these differentiation processes. Better models are required as well as studying the 
contribution of PPARγ in a more cell-type specific way. 

PPARγ target genes have been described (FABP3 and GYK), and particularly the de-
acetylation of K268 and K293 of PPARγ by SIRT1 have been linked to BAT (73). De-
acetylation of these residues is required for the recruitment of Prdm16, an essential 
cofactor in BAT (74). Moreover PGC1a, one of the most well-known regulators of BAT, 
has also been identified as a cofactor of PPARγ in BAT (75).

Collectively, PPARγ plays a key role in BAT differentiation and function, which 
most likely relies on ‘classical’ transactivation, although transrepression cannot be 
excluded given the limited number of studies. BAT-specific molecular mechanisms, 
which may be different from WAT, could involve for example specific transcriptional 
cofactors (76), but details remain to be fully elucidated. 

Beige adipocytes
Mammals possess a second type of thermogenic adipocytes: beige adipocytes, 
also denoted as “brite” (brown-like in white) adipocytes (77). Beige adipocytes are 
inducible thermogenic cells that are sporadically located in white adipose tissue 
depots (77). Beige adipocytes share many morphological and biochemical features 
with brown adipocytes (Figure 1) (60). Alike brown adipocytes, beige adipocytes 
contain multiple small lipid droplets and a large number of mitochondria that express 
UCP1. Recruitment of beige adipocytes, referred to as ‘browning’ or ‘beigeing/
beiging’ of white adipose tissue, is induced in response to environmental conditions, 
including chronic cold exposure, exercise, long-term treatment with PPARγ agonists 
or β3-adrenergic receptor agonists, cancer cachexia, and tissue injury (78). It is 
currently unknown whether beige adipocytes arise through transdifferentiation from 
pre-existing white adipocytes or by de novo adipogenesis from a precursor cell pool, 
or both (79). 

Although, the exact mechanism by which PPARγ agonists induce browning of white 
adipocytes is not exactly known, PPARγ agonist require full agonism to activate the 
browning fat program. The effect is at least in part mediated by PRDM16, a factor 
that as described above is essential in the development of classical brown fat (80). 
Therefore, it is likely that in beige adipocytes, alike brown adipocytes, ‘classical’ 
transactivation by PPARγ is an important mechanism of action.

PPARγ in immune cells
Even though PPARγ is the master regulator of adipocyte differentiation and function 
(81), already in one of the first publications showed high PPARγ expression in mouse 
spleen (82) suggesting a role for PPARγ in immune cells. In fact, PPARγ is expressed in 
a variety of immune cells and its role and importance have been investigated during 
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The classical role of PPARγ as a gene activator has also been studied in T-cells and again 
relates to lipid metabolism (84,85). T-cells can be subdivided into cytotoxic T-cells, 
T-helper and regulatory T cells (Treg), and the T-helper cells can be further classified 
depending on the phenotype into Th1, Th2 and Th17; less well characterized are Th9 
and Th22 subsets. Regardless of the subtype of T-cell, activation of PPARγ is linked to 
an activation of genes related to lipid metabolism (CD36 and FABPs) indicating the 
importance of PPARγ in this process. Special mention deserves the visceral adipose 
tissue resident regulatory T-cells (VAT Tregs), in which PPARγ has been implicated 
in its function and development (110). VAT Tregs represents a unique subtype of 
cells in which the expression of PPARγ positively correlates with the expression of 
chemokines and chemokines receptors (Ccr2, Cxcl3, Cxcr6) that regulates leukocyte 
migration and infiltration, lipid metabolism genes and IL10. Interestingly the PPARγ1 
and PPARγ2 isoforms induce the same genes upon activation in VAT Tregs (mainly 
related to lipid metabolism) but differ in the genes that they downregulate (110), the 
latter happening most likely through the mechanism of transrepression. 

Transrepression by PPARy in immune cells
The role of PPARγ as an immune-modulator, and in particular a repressor of 
inflammation, has been studied in most detail in macrophages and T cells (19–22,97). 
Although the transrepression activity of PPARγ is probably not exclusive to immune 
cells, this immunomodulatory role is a good example of the importance of this 
specific mechanism of action of PPARγ. 

In macrophages it has been shown that activation of PPARγ using TZDs suppresses 
the production of pro-inflammatory cytokine, such as TNFα, IL-1B and IL-6 (19,97) and 
the expression of other genes involved in inflammation, including iNOS and MMP9, 
in a dose-dependent manner. As described above, inhibition of the transcription 
factors NFkB and AP-1 is the most widely studied mechanism, but other mechanisms 
are also possible (23). Similarly, in DCs PPARγ ligands downregulate chemokines and 
receptors (IL-12, CD80, CXCL10, RANTES) that recruit Th1 lymphocytes (105,107). In 
addition, PPARγ activation in DC may impair the migration of these cells to the lymph 
nodes, and this might be partially due to inhibition of CCR7 by PPARγ (107,111).

The role of transrepression by PPARγ in T-cells has been the object of intensive 
discussion during the last two decades (84,85,112), as this mechanism of action was 
implicated in seemingly conflicting biological proccesses.  Initial studies suggested 
that PPARγ had an inhibitory effect on T-cell proliferation (113), and that the 
underlying mechanism involved transrepression of the IL2 gene: activated PPARγ 
was shown to bind to nuclear factor of activated T cells (NFAT) and repress its activity 

Next to macrophage differentiation, PPARγ is also an important regulator in 
macrophage polarization, where PPARγ activation drives the alternative M2 
macrophage phenotype (95–97). Alternatively activated macrophages (M2 
phenotype) can be induced by IL-4, IL-10 and IL-13 and are characterized by the 
expression of several genes including Arg1 and Mgl1/CD301a, CD-204 and mannose 
receptor/CD163 and IL-10 and transforming growth factor beta (TGF-β). Some of 
these, including Arg1 and Mgl1 (98), are direct PPARγ target genes. Furthermore, 
PPARγ expression is induced by IL-4/STAT6 signaling as well as IL-13 (99), and STAT6 
functions as a ‘facilitator’ of PPARγ signaling, all supporting the idea that PPARγ is 
crucial for the anti-inflammatory M2 phenotype in macrophages. It was recently 
found that PPARγ contributes to maintain a chromatin structure that facilitates the 
binding of STAT6 and polymerase II upon repeated IL-4 treatments. PPARγ recruits the 
coactivator P300 and RAD21 to the DNA and thus reinforcing a M2-like phenotype 
in macrophages (100), is worth mention that this function of PPARγ is independent 
of ligand binding.

Next to macrophage and DC differentiation and macrophage polarization, PPARγ 
can also directly regulate lipid metabolism in immune cells (91,96,101–103), 
reminiscent of its role in white and brown adipocytes. In monocytes, macrophages 
and dendritic cells, PPARγ directly regulates the expression of genes involve in 
lipid transport and metabolism such as the class B scavenger receptor CD36 (104), 
FABP4, LXRA and PGAR (90) . The use of PPARγ ligands in these cells has shown that 
the expression of these genes is upregulated upon treatment and downregulated 
when treated with PPARγ antagonists (105). The CD36 protein is also involved in 
macrophage uptake of oxLDL, but at the same time PPARγ directly activates an LXR-
ABCA1 pathway for cholesterol efflux (102). In DCs PPARγ also plays a key role in lipid 
homeostasis by directly regulating many ‘known suspects’ (106) but it also regulates 
another aspect of lipid homeostasis, lipid antigen presentation. Activation of PPARγ 
gives higher expression of CD1d, a molecule involved in the presentation of lipid 
antigens to T-cells, resulting in a DC subtype with increased potential to activate 
iNKT cells (105,107,108). These findings indicate that PPARγ has a functional role in 
the modulation of the immune response through DCs beyond regulation of more 
classical lipid metabolism pathways.

Changes in the lipid microenvironment can trigger different DC functions that 
regulate the immune response (109). PPARγ classical transactivation role bridges 
the lipid microenvironment and the DC function by activating genes involve in lipid 
transport, metabolism and presentation. 
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and breast (124,125) cancers, leads to inhibition of cell growth, decreased tumor 
invasiveness, and reduced production of proinflammatory cytokines. In addition, 
treatment with TZDs was shown to increase sensitivity to chemotherapy through 
downregulation of Metallothionein genes (126) and/or endotrophin (127), which 
may be linked to ligand-mediated prevention of S273 phosphorylation (128).

Furthermore, in lung cancer cells  a tumor  suppressive function of PPARγ was 
contributed metabolic reprogramming (129), an essential biochemical adaptation 
required for cancer viability that is considered to be a crucial emerging hallmark of 
cancer (130). In contrast, a protumorigenic role for PPARγ has been suggested in a 
variety of cancers as well (5,131,132). Here, we will discuss several loss-of-function 
and gain-of-function mechanisms by which PPARγ can be implicated in tumor 
initiation and progression in several major cancers. In addition, we will address the 
yet partly undefined role of PPARγ fusion proteins in cancer.

Transactivation by PPARγ

Loss-of-function mutations
As discussed above, the PPARγ1 isoform is highly expressed in colon epithelial cells. 
The role of PPARγ in the development of normal colon epithelium and colorectal 
cancers is not completely understood and seems to be dual. The growth and 
differentiation of many colorectal cancers can be considerably inhibited upon 
ligand activation of PPARγ1 (119). This finding suggests that PPARγ functions as a 
tumor suppressor during colorectal carcinogenesis. In line with this, somatic PPARG 
mutations have been reported in ~8% of sporadic colorectal cancers (Figure 2) 
Genetic and epigenetic phenomena due to genetic alterations in other genes, like 
RAS, can further decrease PPARγ function in colon cancer. Activating mutations 
in RAS for example can result in hyperactivation of ERK1/2 and JNK pathways and 
ultimately impair PPARγ activity (27). Whereas all FPLD3-associated PPARG mutations 
that have been reported to date lead to mutant proteins that show a consistent and 
profound impairment in the transcriptional activity of PPARγ, the functional effects of 
colon cancer-associated PPARG mutations vary considerably (133). So far, six unique 
somatic PPARG mutations in colorectal cancers have been reported (134,135). A 
side-by-side analysis of these colon-cancer associated mutants with some FPLD3-
associated PPARγ mutants, shows that the colon-cancer associated mutants do not 
consistently display profound intra- and/or intermolecular defects (133). Moreover, 
while the abovementioned studies suggest that PPARγ functions as a tumor 
suppressor during colorectal carcinogenesis, it should be noted that other studies 
suggest that PPARγ activation increases the risk of developing colorectal cancer. 

and binding to the IL-2 promotor (113,114). Besides T-cell proliferation, PPARy-
mediated transrepression was reported as a repressor of excessive Th1 response, 
by on the one hand inhibiting production of the Th1 cytokine and antigen-specific 
proliferation and on the other hand controlling Th2 sensitivity to IL-33 (115,116). 
In fact, Cunard and colleagues showed that PPARγ binds to the IFNγ promoter and 
is able to repress its expression when T-cell were treated with PPARγ ligands, and 
that IFNγ expression was enhanced when cells were treated with PPARγ antagonist 
GW9662 (117). The underlying mechanism was proposed to be inhibition of AP-1 
activity, similar to the transrepression mechanism in macrophages. However, while 
these studies suggest a pro-Th2 role for PPARy mediated transrepression, PPARγ was 
also reported to be involved in the downregulation of well-known Th2 cytokines like 
IL-4, IL-5 and IL-13, again through interaction with NFAT (118). All together these 
studies indicate that the role of PPARγ in the modulation of the Th2 response in 
T-cells remain unclear and further research is needed to fully elucidate its function. 
Finally, PPARy-mediated repression is important for Th17 differentiation, as lack of 
PPARγ leads to increased Th17 differentiation while activation of PPARγ was shown 
to have inhibitory effects(22). PPARγ recruits NCoR and SMRT to the Rorc promoter, 
thereby inhibiting IL-17a expression, and blocks IL-6 signaling by inhibiting the DNA 
binding activity of STAT3 (20,21).

In summary, transrepression by PPARγ – where it counteracts other transcription 
factors like NFkB, AP-1, NFAT and STAT3- may be a major molecular mechanism that 
drives the functional phenotype(s) and secretory output of macrophages, dendritic 
cells and T-cells. Findings in T-cells appear sometimes conflicting, which makes it 
difficult to assign a clear pro-Th1 or pro-Th2 role to PPARy activation. It also indicates 
that the use of ligands in these cells might ‘hide’ some of the PPARγ functions and 
more subtle approaches, such as the use of cels harbouring specific PPARγ mutations 
or selective PPARγ modulators, must be used in order to fully elucidated PPARγ role 
in immune cells, taking the complex interactions between immune cell population 
into account.

PPARγ in cancer
Cancer is driven by the acquisition of genome instability. The cancer genome 
landscape contains an enormous diverse repertoire of amplifications, deletions, 
inversions, translocations, point mutations, loss of heterozygosity, and epigenetic 
changes that collectively result in tumorigenesis. The role of PPARγ in tumorigenesis 
is controversial. A large body of evidence suggests that PPARγ functions as a tumor 
suppressor, as activation of the PPARγ/RXRα signaling pathway in different types 
of cancer, including colon (119), lung (120,121), pancreatic (122), prostate (123), 
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including ACOX1, ACSL1, ACSL5, and FABP4 (142). In addition, the RXRα hotspot 
mutations stimulate the proliferation of urothelial organoids, render bladder tumor 
cell growth PPARγ-dependent, and favour tumor evasion by the immune system. 

Recently, seven recurrent driver gain-of-function PPARγ mutations have been identified 
in luminal bladder tumors (E3K, S249L, M280I, K164W, T475M) (5). The mutations occur 
throughout the protein, affecting the N-terminus, DNA-binding domain, and ligand-
binding domain (Figure 2). One recurrent mutation (E3K) was specific to the PPARγ 
isoform as it was situated in the N-terminal end. Functional analysis indicates that 
five mutations promote the transcriptional activity of PPARγ, which renders PPARγ-
dependence to the cells. The three recurrent LBD-mutations promote, in absence of 
PPARγ ligands, the adoption of the active conformation of PPARγ by stabilizing helix 12 
and induce recruitment of co-activators. Interestingly, four of the seven recurrent PPARγ 
mutations have also been identified in other types of cancer, including lung cancer, 
kidney cancer, cutaneous melanoma, and diffuse glioma (Figure 2) (5). Furthermore, 
other recurrent mutations that have not been identified in bladder cancer, have 
been identified in other types of cancer, including melanoma and prostate cancer  
(Figure 2) (5). Surprisingly, one of these recurrent PPARγ mutations, which are yet 
functionally uncharacterized, results in the same amino acid changes as FPLD3-
associated loss-of-function PPARγ mutations (e.g. R164W and E352Q/K). This may 
indicate that a potential loss-of-function or gain-of-function effect is context dependent.  

Although, not all recently identified gain-of-function PPARγ mutants have extensively 
been characterized and even affect different domains in the protein, at least some 
of the mutants have implications for ‘classical’ transactivation of PPARγ target genes 
in bladder cancer. 

Somatic PPARγ fusion proteins in cancer
Besides the loss- and gain-of-function mechanisms described above, a third 
way in which PPARy may be involved in carcinogenesis is represented by PPARG 
gene fusions observed in follicular thyroid carcinomas (FTCs). The t(2;3)(q13;p25) 
chromosomal translocation results in a PAX8/PPARG fusion gene that is detected in 
approximately 35% of FTCs and in a subset of follicular variant of papillary thyroid 
carcinomas (143). This chromosomal rearrangement is occasionally present in 
follicular adenomas as well (144). The gene paired-box gene 8 (PAX8) encodes for 
a member of the paired box (PAX) family of transcription factors and is a critical 
regulator in physiological thyroid development (145). In addition, PAX8 promotes the 
thyroid progenitor survival en in the mature thyroid it drives the expression thyroid 
specific genes, including genes encoding for thyroglobin and thyroid peroxidase 

Ligand-activation of PPARγ in min mice, an animal model for familial adenomatous 
polyposis due to mutations in the APC gene, results in a considerably greater number 
of polyps in the colon (131). Follow-up studies are clearly needed to reconcile these 
apparently conflicting findings and assign a clear role to PPARy in colon cancer. 

In basal bladder tumors four non-recurrent loss-of-function PPARγ mutations (S74C, 
F310S, E455Q, and H494Y, Figure 2) have been identified (136). All four PPARγ 
mutants display significantly reduced transcriptional activities. Biochemical and 
biophysical analysis of amino acid residues F310 and H494, situated in helix 3 and 
12 respectively, indicated that both residues are essential for proper stabilization of 
helix 12. F310S and H494Y favor an inactive conformation, impairing both a proper 
release of corepressors and recruitment of coactivators (136). Basal tumors rely on 
EGFR signaling for growth (137). Interestingly, in basal cell lines the overexpression 
of wildtype but not H494Y, downregulates EGFR signaling. 

Although the cancer-related PPARγ mutants -which are mainly scattered through the 
LBD (Figure 2)- may display variable and more subtle, i.e. context-dependent, intra- 
and/or intermolecular defects than the FPLD3-associated PPARγ, the cancer-related 
PPARγ mutants (Figure 2) are impaired in their ability to exert ‘classical’ transactivation. 

Gain-of-function mutations
In addition to its well-established role as master regulator in adipocyte biology, PPARγ 
has also been shown to be involved in the terminal differentiation of urothelium (4), a 
layer of specialized epithelial cells lining the lower urinary tract. However, little is known 
about its function in the bladder and in the pathogenesis of bladder cancer. In 12-17% of 
the muscle-invasive bladder carcinomas (MIBC) and in 10% of the non-muscle-invasive 
bladder carcinomas, PPARγ focal amplifications leading to PPARγ overexpression, have 
been reported, suggesting a role for PPARγ in the initiation and maintenance of bladder 
cancer. MIBC are biologically heterogeneous and can further be grouped into basal 
and luminal subtypes (138). PPARγ has a protumorigenic role in luminal MIBCS, as the 
loss of PPARγ expression impairs the bladder cancer cell viability (139). These luminal 
tumors maintain molecular urothelial differentiation, even in the loss of morphological 
differentiation (140). This molecular differentiation depends on PPARγ (140). 

In approximately 5% of the MIBCs and the luminal subgroup of MIBCs hotspot 
mutations of RXRα (S427F/Y) has been identified. These RXRα mutations rely on 
the introduction of an aromatic amino acid residue that enhances the ligand-
independent activation of PPARγ (141). Tumors harbouring RXR S427F/Y display 
enhanced expression of genes implicated in adipogenesis and lipid metabolism, 
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A second chromosomal translocation, t(3;7)(p25;q34) resulting in a CREB3L2/PPARG 
fusion gene, is a low incidence fusion mutation that is found in <3% of the FTCs  (152). 
The gene cAMP Responsive Element Binding Protein 3 Like 2 (CREB1L2) encodes 
for a member of the bZIP transcription factor family. The CREB3L2/PPARγ fusion 
protein consists of amino acids 1 to 106 of wildtype CREB3L2, a new glutamic acid 
at position 107 juxtaposed to the all 477 amino acids of wildtype PPARγ1 (152). The 
CREB3L2/PPARγ fusion protein stimulates cell growth of transduced primary thyroid 
cells by inducing proliferation (152). The fusion protein seems to be unresponsive 
to thiazolidinediones. In addition, CREB3L2/PPARγ interferes in the CRE-related 
transcription as overexpression of CREB3L2/PPARγ inhibits the transcription of 
native cAMP-responsive genes in normal thyroid cells (152). The impaired ability 
to stimulate transcription is consistent with the loss of CREB3L2 bZIP domain, 
implicated in dimerization and DNA binding, in the CREB3L2/PPARγ fusion protein 
(152). The oncogenic activities of the CREB3L2/PPARγ fusion protein are most likely 
(at least in part) due to 1) disruption one functional CREB3L2 allele and 2) inhibition 
of cAMP responsive genes by interfering in CREB3L2 DNA-binding (152). 

Taken together, the PPARγ fusion proteins display a third mode of PPARγ action, as 
they potentially alter the target gene profile of both parent proteins in the chimeric 
protein (Figure 3C) and will target multiple signaling pathways implicated in cancer.

Since the identification of the PPARG gene in the early 1990s the role of PPARγ in 
cancer has extensively been studied in many different human cancer cells and 
animal models. However, the biological significance of PPARγ in cancer development 
and progression is far from completely understood and for some cancers appears 
to be even inconsistent and contradicting. At best, the overall conclusion from 
these studies is that the context, e.g.  specific tumour type, tumour stage, tumour 
microenvironment, determines the exact role and function of PPARγ in human 
cancer. Therefore, cell-culture studies are limited in representing the complex gene-
gene and gene-environment molecular interactions that are implicated in cancer 
onset and progression.

Future perspectives
For many years PPARγ was referred to mainly as the master regulator of adipocyte 
function, and although its expression in the immune system was already described 
in early research, its actual role in these cells only became apparent later (figure 4).  
Nowadays the immunomodulatory role of PPARγ in several immune cells is well-
established as described in this review. While PPARy clearly functions in gene 
transactivation in both adipocytes and immune cells, gene repression by PPARy has 

(146,147). The endogenous expression of PPARG in the thyroid is extremely low and 
it remains to be defined whether PPARγ has a physiological function in the thyroid 
(148). The translocation t(2;3)(q13;p25) results in a fusion transcript, driven by the 
PAX8 promoter, wherein most of the coding sequence of PAX8 is fused in - frame 
to the entire coding sequence of PPARγ1 (149). The PAX8-PPARγ fusion protein 
(PPFP) contains functional DBDs of both the PAX8 and PPARγ (150). In vitro and 
in vivo evidence indicates that the PAX8-PPARγ fusion protein can function as an 
oncoprotein i) by acting as a negative inhibitor of tumor suppressor PPARγ or as 
ii) a novel transcriptional factor with proto-oncogene activity. Nevertheless, the 
expression of PAX8-PPARG in FTCs does not affect prognosis (151).
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Figure 3. Mechanisms of action exerted by the PPARγ/RXRα heterodimer. A. Transcriptional 
repression by unliganded PPARγ. Upon ligand binding the PPARγ/RXRα heterodimer undergoes a 
conformational change that promotes corepressor release and recruitment of coactivators, initiating 
transcription. B. Ligand-dependent transrepression by antagonizing the NF-κB (and AP-1, not indicated) 
pro-inflammatory signalling pathways. This effect does not require DNA binding by the PPARγ. C. The 
mode of action performed by PPARγ-fusion proteins in carcinogenesis is not completely understood. (I) 
altered expression of PPARγ target genes, (II) altered expression of PAX8 target genes (III) PPARγ fusion 
protein may act as a negative inhibitor of tumor suppression by inhibiting PPARγ target gene expression. 
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It is well known that PPARy is the molecular target for TZDs, these drugs have been widely 
used for the treatment of hyperglycemia and T2DM. TZDs stimulate the expression 
of genes implicated in lipid uptake and storage (153) and consequently the levels of 
ectopically stored and circulating lipids are decreased. In addition, TZDs also increase 
the expression of adiponectin, which contributes to enhance insulin sensitivity of the 
liver, and improves hepatic steatosis (153). Given its central role in adipocyte biology 
and energy homeostasis, there is a clear rationale behind therapeutically targeting 
PPARy and improving insulin sensitivity. However, the use of TZDs is curtailed due to 
serious side-effects (review in (154)). Although some side-effects, such as troglitazone-
associated hepatotoxicity and rosiglitazone-associated myocardial infarction have been 
solved (155), others are still present. These common side-effects include weight gain, 
fluid retention and osteoporosis. These unwanted side-effects are due to the ubiquitous 
expression of PPARy1 in combination with the full agonism characteristics of TZDs. 
As indicated earlier, new generations of ligands, referred to as noncanonical agonist 
ligands (NALs) and selective PPARy modulators (SPPARMs), hold promise in that respect. 
In fact, very recently is has been shown how selective modulators of PPARy can improve 
liver histology without affecting body weight in biopsy-confirmed mouse model of 
nonalcoholic steatohepatitis (NASH) (156).

Similar to being a potential drug target in metabolism, PPARy could represent a 
therapeutic target for a variety of cancers because of its ability to be selectively 
activated through its LBD. As indicated above, various parameters including tumour 
type and genetic background must be taken into account, as PPARy displays oncogenic 
and tumour suppressor roles. Nonetheless, targeting PPARγ in the cancer context can be 
effective. In pancreatic ductal adenocarcinoma for example, the fourth most frequent 
cause in cancer-related deaths, PPARγ ligands have shown promising results in vitro and 
in vivo increasing apoptosis and reducing tumor growth respectively (157,158). 

While we have described above that PPARy is expressed in multiple cancer cell types, 
and PPARy ligands can affect cancer cell function and behaviour (e.g. proliferartion, 
sensitivity to chemotherapy), some of the anti-cancer effects may actually occur 
indirectly through adipocytes surrounding the tumour or distal adipose tissue. 
PPARγ plays a crucial role in AT, and as it has been shown before, AT influences cancer 
initiation and progression through several mechanisms (159). Is estimated that obesity 
contributes to up to 20% of cancer-related deaths. Obesity is associated with increased 
risk of cancer development (ei: colorectal, post-menopausal breast and kidney 
among others) but the association with poor prognosis is even stronger for some of 
these cancer types. Obese AT is characterized by a chronic low-grade inflammation 
that leads to dysfunctional adipocytes, metabolic dysregulation and secretion of 

been predominantly investigated in immune cells.  PPARγ has also emerged as a factor 
involved in cancer onset and progression of several cancer types in recent years. Also 
in this case transactivation mechanisms are clearly relevant, underscored by both loss-
of-function and gain-of-function mutations. It should be noted however that no single 
unifying role for PPARy in human cancer emerges, and that transrepression has not 
always been studied specifically. Finally, gene fusions with other gene products (PAX8, 
CREB3L2) as reported in specific carcinoma presents a third way in which PPARy regulates 
gene expression, resulting in either altered target gene sets and/or loss of activation. 

Figure 4. Overview of PPARγ function and mechanisms in the different cell types.  Schematic 
representation of PPARγ in adipocytes (white, beige and brown adipocytes), immune cells (macrophages, 
dendritic cells and T-cells) and cancer cells. Indicated are different cellular processes and mechanisms of 
action in which PPARγ is involved.
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pro-inflammatory cytokines are some of the factors that have been correlated with 
increased risk of cancer death. A clear example of this is the adipokine endotrophin 
(160), a cleavage product of the collagen VIa3 chain. Endotrophin has been shown 
to promote tumor growth by enhancing the ability of breast cancer cells to undergo 
epithelial to mesenchymal transition (EMT) in mice and humans (161). Interestingly, 
TZDs have been shown to decrease levels of endotrophin in obese patients (162). 

A second exciting option to consider when considering the use of PPARγ ligands in 
cancer treatment is the role of the receptor in epithelial to mesenchymal transition 
(EMT). Epithelial cells that undergo EMT in the primary tumor acquire crucial features that 
increase their invasiveness, migratory phenotype and resistance to apoptosis that are 
essential for the development of metastasis (163). Transdifferentiation of breast cancer 
epithelial cells undergoing EMT into post-mitotic adipocytes cells using TZDs and MEK 
inhibitors have been shown to be a promising therapeutic approach to repress primary 
tumor invasion and metastasis formation (164). The ability of PPARγ to drive or inhibit 
EMT might be subjected to the specific cell type from which the tumor arises however, 
as for example different studies in lung cancer cells have shown PPARγ ligands to inhibit 
and promote EMT (165). More research is needed to study the implication of PPARγ in 
EMT to fully determine its role and if it can be a real cancer treatment option. 

PPARγ plays a pivotal role in the crossroad between obesity, immunity and cancer. 
Understanding the common and unique molecular mechanism underlying the 
function of PPARγ in these situations will allow the development of new therapies. 
In order to do so, some challenges have to be overcome; achieving a selective 
modulation of PPARγ and a cell-specific delivery of these modulators are two of 
them. In order to maximize the beneficial effects of targeting PPARγ the key might 
be that PPARγ has to be targeted in one specific cell type, and not indiscriminately 
throughout the whole body. The use of nanoparticles coupled to biological ligands 
that binds to specific membrane receptors for drug delivery is a technique that is 
been study for cancer treatment and it could have a bright future in the nuclear 
receptor field if its proven successful. Given the different and complex roles 
of PPARy in metabolism, immunity and cancer, which rely on overlapping and 
diverse mechsmisms of action, cell-specific delivery of PPARγ ligands, especially 
noncanonical agonist ligands (NALs) and selective PPARy modulators (SPPARMs), 
represent a promising field of study for future research. 
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Simple Summary: Tribbles proteins play various roles in cancer initiation and 
progression. However, still little is known about their molecular actions. Here we 
developed a Mass Spectrometry based approach to study the Tribbles interactomes, 
allowing us to discover new interactors and functions that might help to understand 
their behavior better. Our proteomics data highlight the ability of TRIB3 to interact 
with transcription regulatory proteins and point to a new role in gene repression. 
Systematic analyses like these will help to evaluate the potential of Tribbles proteins 
as biomarkers for disease diagnosis and prognosis.

Abstract: The 3 human Tribbles (TRIB) pseudokinases have been implicated in a 
plethora of signaling and metabolic processes linked to cancer initiation and 
progression and can potentially be used as biomarkers of disease and prognosis. 
While their modes of action reported so far center around protein-protein 
interactions, comprehensive profiling of TRIB interactomes has not been reported 
yet. Here we developed a robust mass spectrometry (MS)-based proteomics approach 
to characterize Tribbles interactomes and report a comprehensive assessment and 
comparison of TRIB1, -2 and -3 interactomes as well as domain-specific interactions 
for TRIB3. Interestingly, TRIB3, which is predominantly localized in the nucleus, 
interacts with multiple transcriptional regulators, including proteins involved in 
gene repression. Indeed, we found that TRIB3 repressed gene transcription when 
tethered to DNA in breast cancer cells. Taken together, our comprehensive proteomic 
assessment reveals previously unknown interacting partners and functions of 
Tribbles proteins that expand our understanding of this family of proteins. In 
addition, our findings show that MS-based proteomics provides a powerful tool to 
unravel novel pseudokinase biology.
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1. INTRODUCTION

Kinases regulate a plethora of cellular processes and changes in their enzymatic 
activity are intimately linked to human diseases, hence the large research field 
studying the basic biology of kinases and their potential as therapeutic targets [1,2]. 
In addition to the 518 kinases, the human genome also encodes ~60 pseudokinases, 
proteins that resemble serine/threonine and tyrosine protein kinases but lack several 
amino acids critical for enzymatic activity [3,4]. The human pseudokinase family 
includes the three members of the Tribbles (TRIB) family - TRIB1, TRIB2 and TRIB3- 
that share a high degree of homology as well as a similar domain composition [5,6]. 
They can be divided into three major domains: an N-terminal domain associated with 
protein stability and subcellular localization [7,8], a well-conserved centrally located 
pseudokinase domain and a C-terminal domain where the binding motifs of MAPK 
and COP1 are found [9,10]. A fourth, more distally related protein called STK40 shares 
important similarities in terms of function and structure [11,12]. 

Tribbles proteins have been implicated in multiple critical signaling and metabolic 
processes and alterations in their expression and/or activity is linked to various 
human diseases [13]. While lacking intrinsic enzymatic activity, Tribbles proteins 
exert their biological roles predominantly via binding to other proteins, including 
kinases, phosphatases, transcription factors and components of the ubiquitin-
proteosome system [14–16]. This diverse range of interactors explains at least in 
part the difficulties to associate a TRIB family member with a single specific cellular 
pathway or role. In addition, it should be noted that different and even contradictory 
observations have been made regarding the subcellular localization of Tribbles 
proteins, suggesting their localization and thereby function depends on cellular 
context and conditions [17,18]

In recent years many studies have pointed to Tribbles proteins as important 
modulators of cancer initiation and progression [19–22]. Therefore, Tribbles 
proteins hold potential as biomarkers of disease diagnosis and prognosis as well as 
pharmaceutical targets for a number of cancers [23]. For example, TRIB1 upregulation 
is significantly associated with metastasis and poor prognosis in prostate cancer [24], 
it has been shown that TRIB1 mediates radioresistance in glioma cells by a HDAC1 
dependent pathway [25] and high levels of TRIB1 are associated with poor breast 
cancer survival through the regulation of PI3K-NFkB pathway [26]. TRIB2 has been 
shown to contribute to tumorigenesis in lung cancer through the downregulation 
of C/EBPa [27] and TRIB2 direct interaction with AKT has been shown to be an 
important mechanism that contributes to resistance to anti-cancer drug therapy [28].  
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Finally, TRIB3 has been shown to support breast and colorectal cancer stemness 
through the interaction with AKT and beta-catenin respectively [29,30]. These 
examples illustrate that the different Tribbles family members can all play a 
regulatory role in cancer initiation and progression, but their contribution may be 
tumor type specific. Furthermore, these examples also add to anecdotal evidence 
that critical interacting proteins may differ between Tribbles family members and 
to previous reports that the affinity of distinct TRIB proteins to the same binding 
partner may differ [31]. We hypothesize therefore that particular Tribbles functions 
are dictated by its interactome –the specific set of proteins a tribble family member 
is interacting within a given biological setting– and improving our understanding of 
how these interactions take place will help to define the roles of Tribbles proteins in 
each context. To date, comprehensive Tribbles interactomes have not been reported. 

Mass spectrometry (MS)-based proteomics approaches have been widely used 
in recent decades to study and identify protein-protein interactions (PPIs)[32]. 
Affinity-purification mass spectrometry (AP-MS) is used for purification of a protein 
(endogenous or tagged) and its interacting partners from a cell lysate [32]. This 
technique relies on the affinity of an antibody (or nanobody) for a protein and is 
followed by MS analysis [32]. We have previously used this approach successfully to 
identify the interactomes of various intracellular proteins [33–35]. 

In this study we have developed a robust AP-MS approach to characterize the 
TRIB1, -2 and -3 interactomes. In addition, we have investigated the contribution 
of the different domains of TRIB3 to its interactome. Finally, we have generated an 
inducible system to evaluate the similarities and differences between TRIB1 and -3 
interactomes in breast cancer cells as a first proof-of-principle study showing that 
comprehensive profiling of interactomes can improve our understanding of Tribbles’ 
role in cancer onset and progression.

2. MATERIALS AND METHODS

2.1. MATERIALS
Primary antibodies anti-turboGFP (Origene, #TA150041), anti-Gal4DBD (Santa Cruz, 
sc-510) and anti-tubulin (Sigma Aldrich, T9026) were used. Secondary antibodies 
anti-mouse-HRP (Dako, P0260) and anti-rabbit-HRP (Thermofisher, #31460) 
were used. GFP-Trap and tGFP-Trap Agarose beads (Chromotek) were used for 
Immunoprecipitation. Doxycycline (Sigma Aldrich, D9891).

2.2. CELL CULTURE
Human HEK293T embryonic kidney cell line (ATCC CRL-3216) and human MCF7 
breast cancer cells (ATCC HTB-22) were maintained in DMEM 4.5 g/L d-glucose 
supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. 
Cells were incubated in 5% CO2 incubator at 37°C and 95% humidity. To generate 
cells stably overexpressing TRIB1 or -3, MCF7 cells were transduced with third-
generation lentiviral constructs using supernatants from HEK293T cells transfected 
with lentiviral packaging plasmids. HEK293T cells were transfected using X-treme 
gene 9 DNA transfection reagents (Roche) according to manufactures protocol.

2.3. PLASMIDS
TRIB3 and TRIB1 expression plasmids were kindly provided by Dr. Endre Kiss-Toth. 
Pcw57.1 lentiviral construct was provided by Dr. S.W.C. van Mil (UMC Utrecht, 
Utrecht, the Netherlands). Deletions of the N- and C-terminal region of TRIB3 were 
generated using Quickchange mutagenesis kit (Stratagene). Successful mutagenesis 
was verified by Sanger sequence analysis. The reporter construct 5xGAL4-TK-Luc-
pGL3 has been described previously [36]. The pCDNA-Gal4DBD-TRIB3, was generated 
by cloning TRIB3 BamH1/Xba1 fragment from TRIB3 expression plasmid into the 
respective sites of pCDNA-Gal4DBD as described before [37]. pCDNA-Gal4DBD-TRIB3-
DN-terminal (amino acids 69 to 358) and pCDNA-Gal4DBD-TRIB-DC-terminal (amino 
acids 1 to 316) were generated using Quickchange mutagenesis kit (Stratagene).

2.4. LUCIFERASE REPORTER ASSAYS
HEK-293T and MCF7 cells were transfected using Xtreme gene 9 DNA transfection 
reagent (Roche) in 24-well plate format; 100 ng pCDNA3.1-Gal4DBD-TRIB3WT and 
mutants, 1 mg of pGL3 reporter and 2 ng of TK-Renilla luciferase were used for 
the experiments. After 48h cells were lysed and firefly and Renilla luciferase were 
measured with Dual-Luciferase Reporter Assay System (Promega) in a TriStar2 
LB942 Multimode Reader (Berthold Technologies). Results are expressed in Relative 
Luciferase Units; the results are average of three independent experiments. Student’s 
t-test were used. Statistical significance was defined as a p value of p < 0.05.

2.5. WESTERN BLOT ANALYSIS
Western blotting was performed as described before [37] In short, cells were grown 
in 6-well format or 10 cm dishes. After induction with 2 mg/ml doxycycline for 24h, 
cells were washed with ice cold PBS twice and scraped in ice cold lysis buffer (150 
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mM NaCl, 1% NP40, 0.5% sodium DOC, 0.1 % SDS, 25 mM Tris pH 7.4) supplemented 
with protease inhibitors. After incubation on ice for 20’, samples were centrifuged 
at maximum speed for 10’ at 4°C and supernatants were collected. Protein 
concentrations were measured, samples were supplemented with Laemmli Sample 
Buffer (LSB) and incubated at 95°C for 5’ before use. Samples were separated by SDS-
PAGE and then transferred to PVDF membrane. Blocking was performed in 5% milk 
in TBS-T for 45’.  Incubation with primary antibody was done overnight at 4°C and 
secondary for 1h at room temperature. Membranes were treated with ECL Western 
blot solution and protein expression was detected using LAS4000 Image Quant.

2.6. IMMUNOPRECIPITATION
HEK293T cells were seeded in 15 cm dishes and transfected when the cells were 
approximately at 80% confluency. 48h after transfection cells were washed in ice 
cold PBS twice and then scrapped in 2mL of lysis buffer (50 mM Tris 8.0 pH, 1mM 
EDTA pH 8.0, 0.1% NP40, 250 mM NaCl, 10% Glycerol). Samples were incubated on 
ice for 20’ and then spin down at max speed for 10’ at 4°C, supernatant was collected. 
GFP-Trap beads (Chromotek) were equilibrated according to manufactures protocol 
and incubated with supernatant from previous step for 2h at 4°C. Then beads were 
collected by spinning down the samples at 2500g for 5’ at 4°C. Beads were washed 
two times with lysis buffer and one final time in PBS before been transfer to a low-
binding Eppendorf tube. Finally, the beads were spun down and dried using a 
Pasteur pipette. MCF7 cells were induced with 2 mg/mL doxycycline for 24h before 
lysis and incubation with turboGFP-Trap beads (Chromotek) as described above.

2.7. CONFOCAL MICROSCOPY:
Cells were grown in m-Slide 8 well glass bottom chambers (Ibidi) and treated with 
2 mg/mL doxycycline for 24h. Cells were incubated with DAPI (Vectashield) for 10 
minutes to stain nuclei. Images were obtained using LSM880 Zeiss Microscope.

2.8. MASS SPECTROMETRY:
The precipitated proteins were denatured and alkylated in 50 µl 8 M Urea, 1 
M ammonium bicarbonate containing 10 mM tris (2-carboxyethyl) phosphine 
hydrochloride and 40 mM 2-chloro-acetamide. After 4 fold further dilution with 1M 
ammonium bicarbonate and digestion with trypsin (250 ng/200 µl), peptides were 
separated from the sepharose beads and desalted with homemade C-18 stage tips 
(3 M, St Paul, MN). Peptides were eluted with 80% ACN and, after evaporation of the 

solvent in the speedvac, redissolved in buffer A (0,1% formic acid). After separation 
on a 30 cm pico-tip column (75 µm ID, New Objective) in-house packed with C-18 
material (1.9 µm aquapur gold, dr. Maisch) using a 140 minute gradient (7% to 80% 
ACN, 0.1% FA), delivered by an easy-nLC 1000 (Thermo), peptides were  electro-
sprayed directly into a Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Scientific). 
The MS was run in DDA mode with a cycle time of 1 second, in which the full scan 
(400-1500 mass range) was performed at a resolution of 240,000. Ions reaching an 
intensity threshold of 10.000, were isolated by the quadrupole and fragmented with 
a HCD collision energy of 30%. 

The obtained raw data was analyzed with MaxQuant [version 1.6.3.4], using the 
Uniprot fasta file (UP000005640) of Homo sapiens (taxonomy ID: 9606), extracted 
at 21/01/2021. Minimum and maximum peptide lengths of 7 and 25 amino acids 
respectively, with Oxidation on Methionine and Acetylation on Protein N-term as 
variable modifications and Carbamidomethyl on Cysteine as fixed modification. 
Peptide and protein false discovery rates were set to 1%. 

To determine proteins of interest, we performed a differential enrichment analysis 
on the generated Maxquant output. First, we generated unique names for the genes 
associated to multiple proteins to be able to match them. Second, we filtered for 
proteins that were identified in at least three out of four of the replicates of one 
condition. Then, we background corrected and normalized the data by variance 
stabilizing transformation; shifting and scaling the proteins intensities by sample 
group. We used a left-shifted Gaussian distribution to impute for missingness since 
our data presented a pattern of missingness not at random (MNAR). Finally, we 
performed a differential enrichment analysis to identify those proteins that were 
over-enriched and selected those with at least 2.5 Fold Change and adjusted p-value 
≤ 0.05. The adjusted p-value was calculated using Benjamin-Hochberg procedure. 
The program used for the analyses was R [version 4.0.4] through R-Studio [version 
1.5.64]. The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner repository (http://www.ebi.
ac.uk/pride). Dataset identifiers will be provided during review.

3. RESULTS

3.1. ANALYSIS OF TRIB1, TRIB2 AND TRIB3 INTERACTOMES IN 
HEK293T CELLS USING AP-MS
To better understand the distinct role of each Tribbles family member as well as their 
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redundancies, we developed a method to robustly identify Tribbles interactomes. We 
transiently overexpressed TRIB1, TRIB2 and TRIB3 as GFP-fusion proteins in HEK293T 
cells and performed AP-MS experiments. We used nanobodies against GFP to purify 
Tribbles proteins and their interacting partners that allowed us to reduce background 
binding and minimize the amount of peptides released during on-bead digestion 
[38]. After purification we used liquid chromatography-tandem mass spectrometry 
(LC-MS) to characterize Tribbles interactomes (Figure 1A).

Among the different interactors that were found we could detect known binding 
partners of TRIB1, TRIB2 and TRIB3 as well as interactors that have not yet been 
reported. The results are described in Tables 1, 2 and 3. As reported before [9,39], 
all Tribbles family members were able to physically interact with the E3 ubiquitin 
degradation complex formed by the ubiquitin E3 ligase COP1 and the adaptors 
proteins DET1 and DDB1. Confirm the specificity of our methodology, we mutated 
the COP1 binding motif (Figure 1A) and thus specifically depleted the interactome 
from COP1 and DET1 (Figure 1B and 1D). TRIB1 and TRIB2 were found to interact 
with TRIB1 and the Tribbles-related pseudokinase STK40, suggesting that Tribbles 
proteins can form homo- and heterodimers in mammalian cells, as has been shown 
for the Drosophila Tribbles homologue Trbl [40] and for the mammalian versions in 
protein complementation assays (PCA; unpublished observations). Other previously 
described interaction partners that were detected included Activating transcription 
Factor 4 (ATF4) [41]. While not previously described as binding partners, the mTOR 
regulatory subunits RICTOR and RAPTOR were also detected in the TRIB2 interactome 
(Figure 1C). Previous studies have shown however that TRIB2 regulates mTOR 
signaling [42,43]. Interactions that have not been described earlier included the 
interaction between TRIB3 and the mitochondrial transporters TIM-TOM complex, 
a complex found in the mitochondrial membrane that transport proteins into 
the inner membrane of the mitochondria [44]. In addition, whilst the interaction 
between TRIB proteins and the E3 ubiquitin ligase COP1 is well-established [9,45], 
TRIB1 and TRIB3 showed interaction with another family of E3 ubiquitin ligases, 
that includes STIP1 and STUB1. Among the most enriched interactors of TRIB2 were 
SKT and BDH2, two interaction partners newly identified here that are involved 
in the development of different tissues and an enzyme involved in metabolism, 
respectively [46,47]. In summary, the identification of known interactors of Tribbles 
validates our experimental approach and provides support for the newly discovered 
binding partners.

Figure 1. TRIB1, -2 and -3 interactomes in HEK293T cells. (A) Schematic representation of workflow 
followed for AP-MS experiments. (B) Volcano plots showing TRIB3 interactors compare to GFP control 
and TRIB3-mCOP1 interactors compared to WT TRIB3 in HEK293T cells. (C) Venn diagram of common 
and unique interactors between Tribbles family members.
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Table 1. Top 25 TRIB1 interacting partners in HEK293T cells based on p-value. 

Gene 
name

-Log 
(p-value)

Adjusted 
p-value

Log2 Fold 
Change*

Full name

DNAJC10 6.4354 6.18E-05 7.300 DnaJ Heat Shock Protein Family  Member C10

DDB1 5.8200 0.04 4.678 Damage Specific DNA Binding Protein 1

TRIB1 5.7117 8.17E-7 2.567 Tribbles Pseudokinase 1

PPM1G 5.2926 0.02 6.113 Protein Phosphatase Mg2+ Dependent 1G

PSMA1 5.2130 5.29E-05 4.699 Proteosome 20S subunit Alpha 1

PSMA2 5.0433 0.0002 3.443 Proteosome 20S subunit Alpha 2

PSMD4 5.0242 0.0004 3.112 Proteasome 26S Subunit Ubiquitin receptor 4

HDAC6 4.9461 0.03 4.223 Histone Deacetylase 6

PSMC6 4.5066 3.12E-05 4.667 Proteosome 26S subunit ATPase 6

ADRM1 4.4064 0.0004 5.600 26S Proteosome Ubiquitin Receptor

PSMC2 4.3112 4.68E-05 2.554 Proteosome 26S subunit ATPase 2

PSMB6 4.1668 0.006 6.433 Proteosome 20S subunit Beta 7

STIP1 3.9432 0.01 4.001 Stress induced Phosphoprotein 1

PSMB2 3.9126 1.70E-05 3.333 Proteosome 20S subunit Beta 2

STUB1 3.8218 0.05 5.677 STIP1 Homology and U-Box Containing Protein 1

PSMC1 3.7980 9.63E-06 3.655 Proteosome 20S subunit Beta 7

HSPH1 3.6860 0.004 5.911 Heat Shock Protein Family H Member 1

KPNA4 3.6243 0.001 3.770 Karyopherin Subunit Alpha 4

DET1 3.5614 5.29E-5 3.190 DET 1 Partner of COP1 E3 Ubiquitin Ligase

HSPA4L 3.4984 0.003 4.675 Heat Shock Protein Family A Member 4 Like

RFWD2 3.3768 0.0004 9.453 COP1 E3 Ubiquitin Ligase

PSMA5 3.3478 0.0004 2.724 Proteosome 20S subunit Alpha 5

HSPA4 3.0482 1.30E-05 5.119 Heat Shock Protein A Memeber 4

PSMA7 3.0482 0.003 3.880 Proteosome 20S subunit Alpha 7

KPNA3 2.7785 0.001 4.654 Karyopherin Subunit Alpha 3

* Log 2 fold change calculated using mean intensity of TRIB1 condition compared to GFP.

Table 2. Top 25 TRIB22 interacting partners in HEK293T cells based on p-value. 

Gene 
name

-Log 
(p-value)

Adjusted 
p-value

Log2 Fold 
Change*

Full name

TRIB1 5.771 2.76E-05 12.364 Tribbles Pseudokinase 1

USP11 5.541 0.001 4.356 Ubiquitin Specific Peptidase 11

ISCA1 5.391 0.0002 6.115 IRON-Sulfur Cluster Assembly 1

BDH2 4.951 3.90E-06 8.657 3-Hydroxybutyrate Dehtdrogenase 2

ZKSCAN1 4.945 0.0001 6.503 Zinc Finger with KRAB and SCAN Domains 1

DET1 4.885 3.4E-05 7.812 DET 1 Partner of COP1 E3 Ubiquitin Ligase

DDB1 4.523 0.001 4.456 Damage Specific DNA Binding Protein 1

AIFM1 4.274 3.27E-05 4.898 Apoptosis inducing Factor Mitochondrial 
Associated 1

FECH 4.262 2.76E-05 5.878 Ferrochelatase

WDR37 4.007 0.001 7.058 WD Repeat Domain 37

KIAA1217 3.789 0.001 9.837 Sickle tail Protein Homolog

KCTD21 3.751 0.002 3.573 BTB/POZ Domain-Containing Protein KCTD21

CDC42EP1 3.686 0.0003 3.082 CDC42 Effector Protein 1

MLF2 3.471 0.0003 4.887 Myeloid Leukemia factor 1

STK40 3.231 0.0001 7.644 Serine/Threonine Kinase 40

RAB3GAP1 3.218 0.0002 3.543 RAB3 GTPase Activating Protein Catalytic 
Subunit 1

EMD 3.153 0.01 4.316 Emerin

RFWD2 3.034 0.002 10.620 COP1 E3 Ubiquitin Ligase

RPTOR 2.864 0.002 2.346 Regulatory Associated Protein of MTOR 
Complex 1

FKBP4 2.841 0.01 4.293 FKBP Prolyl Isomerase 4

SRCIN1 2.762 0.0004 4.617 SRC Kinase Signaling Inhibitor 1

PKP2 2.646 0.0004 4.004 Plakophilin 2

TBC1D4 2.634 0.001 2.375 TBC1 Domain Family Member 4

HAUS8 2.163 0.002 3.115 HAUS Augmin Like COmplex Subunit 8

RICTOR 1.999 0.001 2.706 RPTOR Independent Companion of MTOR 
Complex 2

*Log 2 fold change calculated using mean intensity of TRIB2 condition compared to GFP.
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Table 3. Top 25 TRIB3 interacting partners in HEK293T cells based on p-value. 

Gene 
name

-Log 
(p-value)

Adjusted 
p-value

Log2 Fold 
Change*

Full name

TIMM13 7.1286 0.0002 12.187 Translocase of Inner Mitochondrial Membrane 13

TRIM37 6.9472 0.006 6.961 Tripartite Motif Containing 37

DDB1 6.2442 0.005 5.187 Damage Specific DNA Binding Protein 1

KCMF1 5.7442 0.007 5.885 Potassium Channel Modulatory Factor 1

ATF4 5.7130 0.01 1.345 Activating Transcription factor 4

STUB1 5.4533 0.03 5.972 STIP1 Homology and U-Box Containing Protein 1

MLLT11 5.0745 0.002 6.917 MLLT11 Transcription factor 7 Cofactor

RFWD2 5.0033 0.0006 2.489 COP1 E3 Ubiquitin Ligase

PARN 4.9405 0.01 7.321 Poly(A)-Specific Ribonuclease

PRKD2 4.6601 0.001 7.015 Protein kinase D2

PASK 4.6442 0.005 8.091 PAS Domain Containing Serine/Threonine Kinase

DPY30 4.3027 0.04 5.462 Dpy-30 Histone Methyltranferase Complex

DET1 4.1258 0.04 5.134 DET 1 Partner of COP1 E3 Ubiquitin Ligase

ZNF24 4.0712 0.001 4.125 Zinc Finger Protein 24

EP300 3.9599 0.01 6.900 E1A Binding Protein P300

STIP1 3.9000 0.020. 3.582 Stress induced Phosphoprotein 1

KANK2 3.7899 0.16 6.740 KN Motif Ankyrin Repeat Domains 2

RBBP8 3.7371 0.019 7.875 RB Binding Protein 8

ZNF507 3.6606 0.006 7.112 Zinc Finger Protein 507

PPP6C 3.5073 0.03 7.964 Protein Phosphatase 6 Catalytic Subunit

WDR62 3.5072 0.006 7.074 WD Repeat Domain 62

PPP6R3 3.4224 0.003 7.112 Protein Phosphatase 6 regulatory Subunit 3

AKAP8L 2.7110 0.0005 8.183 A-Kinase Anchoring Protein 8 Like

ZNF655 2.6525 0.01 6.810 Zinc Finger Protein 655

TIMM8A 2.6021 3.48E-05 12.262 Translocase of Inner Mitochondrial Membrane 8A

*Log 2 fold change calculated using mean intensity of TRIB3 condition compared to GFP.

3.2. CONTRIBUTION OF THE DIFFERENT DOMAINS TO THE TRIB3 
INTERACTOME
Tribbles proteins contain three distinct domains with the central psuedokinase 
domain being the most conserved: the amino acid sequence of human TRIB1/2 and 
3 shows a 55% similarity in the pseudokinase domain, but for example the C-terminal 
domains of TRIB3 and TRIB1 are only 9% similar (Supplementary Figure 1). This low 
similarity in the N- and C-terminal domains suggest that each holds unique functions 
and may help to develop TRIB-targeting drugs with low cross-reactivity, but these 
domains have not been studied intensively.

The N- and C-terminal domains of TRIB3 are unstructured domains for which a 3D 
conformation cannot be predicted based on the amino acid sequence, as shown 
in Figure 2A [7]. In order to understand the contribution of the different domains 
of TRIB3 (N- and C-terminus and pseudokinase domain) to its interactome and to 
gain an insight into how these interactions take place we generated TRIB3 mutants 
lacking the N-terminal domain (amino acids 1-69, TRIB3-DN-terminal) and the 
C-terminal domain (amino acids 316-358, TRIB3-DC-terminal) and performed an AP-
MS experiments as described above (Figure 2B). A summary of top 25 interactions 
of the C-terminal and N-terminal domains is shown in Table 4. In agreement with 
previous studies [45], the interaction with COP1 and DET1 requires the presence 
of the C-terminal domain, as binding is lost with the TRIB3-DC mutant (Figure 2C). 
Moreover, novel proteins related to the ubiquitin degradation system were also found 
binding to the C-terminal domain of TRIB3, such as UBR2, a E3 ubiquitin-protein ligase 
that control cell growth via mTOR signaling [48]. These findings confirm the concept 
that the C-terminal domain is required for TRIB3 to act as a degradation platform. 
In addition to the E3 ubiquitin ligases we also identified USP16, a deubiquitinating 
enzyme that plays an important role in mitosis [49], suggesting a role for TRIB3 in this 
process as well. In addition, STK40 and DOCK11 were also found to interact through 
the C-terminal domain of TRIB3. This reinforces the notion that Tribbles proteins and 
the Tribbles-like protein STK40 can form homo/hetero dimers mentioned above.  
DOCK11 is a guanine nucleotide-exchange factor that activates CDC42 and RAC1 
[50]; the biological relevance of this interaction remains to be established.
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Figure 2. Contribution of TRIB3 domains to its interactome and function. (A) Human TRIB3 structure 
prediction by AlphaFold. Color represent pLDDT score (blue: very high confidence, light blue: confident, 
yellow: low and orange: very low or unstructured). (B) Schematic representation of TRIB3 mutants and 
specific interactors lost when the indicated domain was removed. (C) Volcano plot showing interaction 
of the N-terminal and C-terminal domains of TRIB3 in HEK293T cells. (D) Co-immunoprecipitation 
assay of TRIB3-GFP and ZBTB1-Flag in HEK293T cells. (E) Gal4 reporter assay of Gal4-DBD, Gal4-TRIB3, 
Gal4-TRIB3-DN-terminal and Gal4-TRIB3-DC-terminal in Hek293T cells. Data is normalized using Renilla 
luciferase. (F) Western blot using Gal4DBD and tubulin antibodies showing similar expression of the 
constructs used for the Gal4 reporter assay.

The N-terminal domain of TRIB3 contains a nuclear localization signal sequence 
that directs TRIB3 towards the nucleus and a PEST domain that might affect TRIB3 
stability. Interactors that were lost when deleting the N-terminus included several 
transcription factors and regulators, which are mainly found in the nucleus, such 
as ZBTB1, p300, and SPEN (Figure 2C). The interaction between TRIB3 and ZBTB1 
was confirmed by co-immunoprecipitation assays (Figure 2D). In addition, we 
found all the subunits of the WRAD complex (WDR5, DPY30, ASH2L and RbBP5) 
binding to the N-terminus of TRIB3. The WRAD complex is crucial for SET1 histone 
methyl transferases to catalyze histone 3 lysine 4 methylation [51]. The interactions 
between TRIB3 and WRAD complex components was also confirmed by co-
immunoprecipitation experiments (to be published elsewhere). 

Interestingly we also found the interaction with Serine/Threonine Protein Kinase 
D1 (PRKD1), and the MAPK interacting Serine/Threonine Kinase 1 and 2 (MKNK1 
and MKNK2) suggesting that the regulation of Mitogen-activated protein kinase 
(MAPK) signaling happens not only through the C-terminal [10] and pseudokinase 
domains [31] as reported earlier but also through the N-terminal domain. It is 
also worth to mention the interactions with TP53 and COPS8. TP53, the so called 
“guardian of the genome”, is the most common tumor suppressor that is found 
mutated across all cancer types [52], regulates the cell cycle as well as apoptosis of 
damaged cells. COPS8 is a component of the COP9 signalosome that is involved in 
the phosphorylation of p53 [53].

Taken together, these data indicate that TRIB3 is a putative important transcriptional 
regulator and this role is carried out mainly through the N-terminal domain. 
In contrast, the C-terminal domain of TRIB3 is required for the interaction with 
components of the ubiquitin system and for the formation of homo/hetero dimers.

3.3. TRIB3 FUNCTION AS A TRANSCRIPTIONAL REPRESSOR
While our data revealed and interaction between the N-terminus of TRIB3 and for 
example SET1 histone methyl transferase complexes and p300, which are associated 
with transcriptional activation [51,54], the same TRIB3 domain also interacted with 
various proteins that are involved in transcriptional repression, such as ZBTB1 
and SPEN [55,56]. In addition, TRIM28 (also known as KAP-1 or TIF1b) and SETDB1, 
proteins that may form a repressor complex with ZBTB1 [57,58] (were also detected 
(adjusted p-value ≤ 0.05. Data not shown).
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Table 4. Top binding partners of TRIB3 ΔN- and ΔC-Terminal domains based on p-value. 

Gene 
name

-Log 
(p-value)

Adjusted 
p-value

Log2 
Fold 

Change*

Full name

TRIB3-DC-Terminal Binding partners

RFWD2 4.4826 4.54E-06 5.943 COP1 E3 Ubiquitin Ligase

STK40 3.1119 0.0002 6.370 Serine/Threonine Kinase 40

DOCK11 3.7967 0.004 3.498 Dedicator of Cytokinases 11

DET1 3.8995 1.02E-05 4.667 DET 1 Partner of COP1 E3 Ubiquitin Ligase

USP16 2.5863 0.01 3.822 Ubiquitin Specific Peptidase 16

UBR2 3.1640 0.001 2.610 Ubiquitin Protein Ligase E3 Component N-Recognin 2

DDI2 1.8154 0.02 1.811 DNA Damage 1 Homolog 2

TRIB3-DN-Terminal Binding partners

MKNK2 6.0395 0.007 3.525 MAPK Interacting Serine/Threonine Kinase 2

WDR5 5.7443 4.38E-07 7.841 WD Repeat Domain 5

COPS8 5.6291 0.01 3.123 COP9 Signalosome Subunit 8

TP53 5.3723 3.16E-06 2.800 Tumor Protein P53

PARN 5.0650 4.38E-07 6.298 Poly(A)-Specific Ribonuclease

GEN1 4.8329 1.35E-05 4.438 Gen1 Holliday Junction 5’ Flap Endonuclease

SPEN 3.8986 3.87E-06 4.154 SPEN Family Transcriptional Repressor

ZNFP24 3.8823 0.0001 1.719 Zinc Finger Protein 91

NACC1 3.7582 3.08E-05 2.193 Nucleus Accumbens Associated 1

ZBTB1 3.5994 8.91E-05 4.004 Zinc Finger And BTB Domain 1

SETD2 3.5315 0.002 1.627 SET Domain 2 Histone Lysine Methyltranferase

DPY30 3.4148 5.56E-05 2.296 Dpy-30 Histone Methyltranferase Complex Subunit

RBBP5 3.2480 0.0009 4.471 RB Binding Protein 5

MYC 2.6206 0.01 2.233 MYC Proto-Oncogene

EP300 2.5832 0.005 4.017 E1A Binding Protein P300

MKNK1 2.5381 0.05 3.411 MAPK Interacting Serine/Threonine Kinase 1

ASH2L 2.4872 0.001 5.577 Set1/Ash2 Histone Methyltranferase Complex 
Subunit

AKAP1 2.2902 0.005 2.712 A-Kinase Anchoring Protein 1

PRKD1 1.7714 0.03 4.106 Protein kinase D1

NFAT4 3.936 0.008 2.464 Nuclear Factor of Activated T Cells 3

*Absolute Log 2 fold change calculated using mean intensity of DN-Terminal condition compared to 
DC-Terminal condition.

To assess the effect of TRIB3 on transcription, we fused TRIB3 to the DNA binding 
domain of Gal4 (Gal4DBD) and tested the transcriptional activity of the fusion protein 
on a reporter plasmid with high basal activity(5xGal4-TK-Luc)[59]. As shown in Figure 
2E, TRIB3 had a repressive effect when compared to the Gal4DBD alone, similar to for 
example GalDBD fusions of ZBTB1 and TRIM28 [60,61]. This TRIB3-mediated repression 
was mostly lost when the N-terminus was deleted, but the TRIB3 DC-terminal 
mutant retained repressor activity (Figure 2E). These results are in line with the mass 
spectrometry data described above where we found a high number of transcriptional 
repressors are able to bind through the N-terminal of TRIB3. Gal4DBD fusion proteins 
were expressed at similar levels, excluding the possibility that differences in activity 
were due to expression differences (Figure 2F). We conclude therefore that the 
N-terminus of TRIB3 harbours repressive activity when tethered to the DNA, which 
may be due to repressor proteins, such as ZBTB1 (and its associated proteins TRIM28 
and SETDB1) and SPEN binding specifically to this region of the protein. Furthermore, 
while the N-terminus of Tribbles has the ability to recruit both transcriptional activators 
(e.g., MLL complex) and repressors (e.g., ZBTB1 and SPEN), the balance appears to be 
in favor of transcriptional repression, at least in this experimental setting.

3.4. COMPARISON OF TRIB1 AND TRIB3 INTERACTOMES IN MCF7 
CELLS
Having developed a robust AP-MS workflow to identify interaction partners of Tribbles 
proteins, we wished to address the different roles of TRIB1 and TRIB3 in breast cancer 
where high levels of both proteins have been reported to be associated with poor 
prognosis and lower survival rates [26,62,63]. For this we generated inducible TRIB1-
tGFP and TRIB3-tGFP stable cell lines in the breast cancer cell line MCF7, a model for 
luminal A breast cancer, allowing immediate short-term overexpression of TRIB1 and 
-3 as well as control over the amount of protein being overexpressed. A summary 
of the constructs used and the workflow followed to identify interacting proteins is 
depicted in Figure 3A. Expression of TRIB1-tGFP, TRIB3-tGFP and -tGFP was observed 
by Western blot after 24h treatment with doxycycline and no expression was observed 
in untreated cells (Figure 3B). TRIB3 was predominantly -but not exclusively- localized 
in the nucleus as determined by confocal microscopy (Figure 3C). In contrast to the 
predominant nuclear localization of TRIB1 in HEK293T cells ([18] data not shown) TRIB1 
was mainly localized in the cytoplasm in MCF7 cells (Fig. 3C), supporting the view that 
subcellular localization of Tribbles depends on cellular context and conditions [17].

Importantly, long-term overexpression of TRIB3 was recently linked to increased 
proliferation in MCF7 cells [63], which potentially confounds interactome profiles, 
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but no significant effects on cell proliferation were observed within the 24h 
timeframe of our experiments (data not shown). A summary of top 20 interactors 
for TRIB1 and TRIB3 (Figure 3D) is listed in Table 5. Interactors common to both 
TRIB1 and TRIB3 included COP1 and CDKN1A. The first one is a common interactor 
of all Tribbles family members that has been widely studied and was also detected 
in the current study in HEK293T cells (Figure 1), and the second one is a cyclin-
dependent kinase inhibitor that is tightly controlled by TP53 [64]. CDKN1A mediates 
G1 cell cycle arrest in response to a variety of external stimulus. Given the fact that 
Tribbles were originally described as a cell cycle regulators in Drosophila [65], this 
might be another mechanism by which these proteins regulate proliferation. In 
addition, both TRIB1 and TRIB3 also interacted with Fatty Acid Synthetase (FASN), 
an enzyme that catalyzes the synthesis of palmitate from acetyl-CoA and malonyl-
CoA. FASN overactivity has been implicated in cancer onset and progression in 
many cancers [66]. Interestingly, FASN has also been shown to be a transcriptional 
target for TRIB1 [67]. Among the specific TRIB1 interactors Histone Deacetylase 6 
(HDAC6) stands out. HDAC6, which is mostly cytoplasmatic, has been implicated 
in cancer and metastasis formation in breast cancer [68]. As described above for 
HEK293T cells, TRIB3 interacted with a number of transcription factors that mostly 
are associated with transcriptional repression. The interaction with ZBTB1 was also 
detected in MCF7 cells among other zinc finger proteins (ZNF746, ZNF12, ZNF24) 
(Fig 3E), many of which are related to transcriptional repression [69]. In fact, ZBTB1 
has been recently associated with resistance to tamoxifen and aerobic glycolysis in 
breast cancer cells [70]. Both resistance to drug treatment and glucose metabolism 
are major cellular pathways in which TRIB3 has been implicated before [71,72]; future 
studies are needed to establish whether the TRIB3-ZBTB1 interaction plays a role in 
these pathways.  Similar to HEK293T cells, the interaction between TRIB3 and the 
TIM-TOM complex was also detected in MCF7 cells, suggesting a mitochondrial pool 
and function for this protein.  To further validate the role of TRIB3 as a transcriptional 
repressor we tested the Gal4DBD-TRIB3 fusion protein as described above for 
HEK293T cells, and also detected reduced transcriptional activity in these MCF7 
breast cancer cells (Figure 3F). These findings indicate that our AP-MSMS approach 
provides a powerful tool to unravel novel pseudokinase biology, that is not limited 
to a single cell system.

Figure 3. TRIB1 and TRIB3 interactors in MCF7 cells. (A) Schematic representation of inducible 
constructs and workflow of the AP-MS experiments followed in MCF7 cells. (B) Western blot using t-GFP 
antibody sowing inducible expression of TRIB1-tGFP and TRIB3-tGFP upon doxycycline treatment and 
Tubulin expression as loading control. (C) Confocal images showing tGFP, TRIB1-tGFP and TRIB3-tGFP 
localization upon doxycycline induction. (D) Volcano plots of TRIB1 and TRIB3 interactors compared 
to tGFP control in MCF7 cells and volcano plot showing the comparison between TRIB1 and TRIB3 
interactome in these cells. (E) Venn diagram of similar and different interactors between TRIB1 and 
TRIB3 in MCF7 cells detected in the AP-MSMS experiments.
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Table 5. Top 20 TRIB1 and TRIB3 Binding partners in MCF7 cells based on p-value. 

Gene 
name

-Log 
(p-value)

Adjusted 
p-value

Log2 Fold 
Change

Full name

TRIB1  binding partners in MCF7

PFN1 6.8434 0.007 2.550 Profilin 1
CDKN1A 6.7563 0.0002 2.315 Cyclin Dependent Kinase Inhibitor 1A
CCT5 6.0523 0.0002 2.083 T-complex protein 1 subunit epsilon
PDAP1 6.0427 0.006 2.151 PDGFA Associated Protein 1
PRKDC 5.8532 0.0001 2.508 DNA-dependent protein kinase catalytic subunit
ERH 5.8170 4.16E-05 3.553 ERH MRNA Splicing and Mitosis Factor
RFWD2 5.5455 1.08E-08 6.240 COP1 E3 Ubiquitin Ligase
RNF40 5.3754 7.73E-06 3.083 E3 ubiquitin-protein ligase BRE1B
FASN 5.3652 0.01 1.708 Fatty Acid Synthase
MTHFD1 5.0852 4.23E-05 2.525 C-1-tetrahydrofolate synthase
STIP1 4.9889 2.89E-05 3.699 Stress-induced-phosphoprotein 1
DNAJB1 4.9816 2.18E-07 5.567 DnaJ Heat Shock Protein Family Member B1
STK40 4.9431 5.94E-06 5.105 Serine/threonine Kinase 40
PLEC 4.3460 0.0006 3.183 Plectin
HDAC6 4.1498 0.01 2.356 Histone Deacetylase 6
PAAF1 3.9612 0.008 2.609 Proteosomal ATPase Associated Factor 1
EDF1 3.8339 1.82E-05 3.326 Endothelial Differentiation Related Factor 1
CUX1 3.7878 0.003 2.122 Cut like Homeobox 1
PRDX2 3.7664 0.01 3.741 Peroxiredoxin 2
CEBPB 2.9757 0.01 1.223 CCAAT Enhancer Binding Protein Beta

TRIB3 binding partners in MCF7

CDKN1A 7.7691 0.0001 2.752 Cyclin Dependent Kinase Inhibitor 1A
TRIM37 7.6337 0.01 3.405 Tripartie Motif Containing 37
ZNF217 7.5252 2.35E-06 2.732 Zinc Finger Protein 217
TRIB1 6.5117 0.001 2.966 Tribbles Pseudokinase 1
HIF1A 6.4611 0.0001 2.139 Hypoxia Inducible factor 1 Subunit Alpha
PPM1D 6.4143 0.006 2.567 Protein Phosphatase Mg Dependent 1D
ZBTB1 6.0395 0.01 1.828 Zinc Finger And BTB Domain 1
CEBPB 5.7224 0.0001 2.463 CCAAT/enhancer-binding protein beta
WDR5 5.7100 0.001 2.372 WD repeat-containing protein 5
ZNF627 5.3262 0.003 2.866 Zinc Finger Protein 627
ZNF460 5.1982 0.002 1.775 Zinc Finger Protein 460
DNAJB1 5.1152 2.35E-06 4.064 DnaJ homolog subfamily B member 1
PARN 4.9613 2.48E-05 3.301 Poly(A)-specific Ribonuclease
RFWD2 4.9105 5.62E-07 3.904 COP1 E3 Ubiquitin Ligase
FASN 4.6569 0.05 1.709 Fatty Acid Synthase
TIMM13 3.8986 1.92E-05 2.370 Translocase of Inner Mitochondrial Membrane 13
ZNF12 3.7582 0.01 2.602 Zinc Finger Protein 12
KDM3B 3.5315 0.05 2.185 Lysine-specific demethylase 3B
DPY30 3.3126 0.001 2.089 Dpy-30 Histone Methyltranferase Complex
TP53 2.3725 0.0001 2.372 Cellular tumor antigen p53

*�Absolute Log 2 fold change calculated using mean intensity of TRIB3 condition compared to  
TRIB1 condition.

4. DISCUSSION

Pseudokinases such as the 3 human TRIB proteins hold promise as biomarkers in 
cancer, but their molecular functions are still incompletely understood. Here we 
reported a systematic characterization of TRIB1, -2 and -3 interactomes in HEK 
293T cells to provide a better understanding of the differences and redundancies 
in Tribbles function. In addition, our mass spectrometry-based approach revealed 
the importance of the intrinsically disordered N-Terminal domain of TRIB3 in the 
interaction with transcriptional regulatory proteins. We showed that TRIB3 is 
associated with transcriptional repression and that this role is mostly carried by 
the N-Terminal of TRIB3. Moreover, we discover new interactors of TRIB1 and -3 
in breast cancer cells that might help to understand the role of these proteins in  
cancer pathophysiology. 

The study of the function of pseudoenzymes presents obvious difficulties in 
comparison with their enzymatically active counter partners, as no catalytic product 
can be measured as a read-out of their activity. Most of these pseudoenzymes 
rely on protein-protein interactions (PPI) to exert their function and several mass 
spectrometry-based techniques can be used for the identification of interactors 
such as proximity ligation or crosslinking mass spectrometry, all with particular 
advantages and disadvantages [32]. Our data shows how powerful is the use of AP-
MS approaches for the discovery of new interactors and the study of pseudoenzyme 
function. Modern mass spectrometers have a tremendous sensitivity that allows 
them to detect the smallest contaminant and therefore a quantitative filter must 
be introduced to differentiate between genuine interactors and background noise. 
These quantitative filters can be introduced in the form of isotopes or in the form of 
algorithms for label-free quantification, an example of the last one is the Intensity-
based absolute quantification (iBAQ) used in this study that allow us to determine 
protein abundance. Taken together shows that quantitative MS-based proteomics is 
the most powerful method to identify PPI and study pseudoenzyme function to date.

Through AP-MS we confirmed previously reported Tribbles interacting proteins 
and identified novel partners. As demonstrated before, we show that all 3 human 
tribbles family members can interact with the E3 ubiquitin ligase COP1. However, 
it seems that TRIB1 function is more dominated by the interaction with COP1, 
and that explains the high amount of proteasomal regulatory proteins as well as 
the low abundance of other interactors. TRIB2 and -3 also interact with COP1 but 
next to that many other interactors not related to proteasomal degradation were 
detected. This also seems the case when we compare the interactomes of TRIB1 
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and -3 in breast cancer cells. Moreover, TRIB1 protein expression was lower when 
compared to TRIB3 upon induction with doxycycline (Figure 3B), and thus could be 
reverted when proteasomal degradation was inhibited (data not shown) indicating 
that the lower amount of TRIB1 protein was the result of proteasomal degradation 
and was not due to different response to doxycycline induction. TRIB1 subcellular 
localization appeared to be mostly cytoplasmatic in comparison with TRIB3 that 
showed predominant nuclear localization, this can also explain the difference in 
protein stability and interactomes. In addition, our data also demonstrates some 
interactions that had been suggested in literature before but not experimentally 
demonstrated, such as the interaction with p53 or the interaction with CDKN1 
[73,74]. These interactions might be related to the ability of Tribbles to regulate the 
cell cycle and therefore the implications in carcer are potentially very important. 
Both of these proteins are among the most commonly found mutated across all 
cancer types [75,76]. These interactions, together with others described above, might 
suggest a role of Tribbles in DNA damage. Furthermore, whether for example the 
TRIB3-CDKN1 interaction contributes to increased proliferation observed upon long-
term overexpression of TRIB3 in MCF7 cells [63] remains to be established.

Finally, we report many novel interacting proteins that interact with one or more 
Tribbles family members. Amongst the cellular proteins with well-established 
functions is the metabolic enzyme FASN. Interestingly, FASN is a major regulator of 
neoplastic lipogenesis and is commonly found overexpressed in many cancers [66], 
is a metabolic oncogene that has been suggested as an attractive target for cancer 
therapy [77] and given the ability of TRIB1 and -3 to mark proteins for proteasomal 
degradation this interaction represent a promising therapeutic approach for breast 
cancer. The class of well-characterized TRIB3 interacting proteins also includes 
the transcriptional repressors ZBTB1 and SPEN, which may be responsible for the 
transcriptional repression observed when TRIB3 is tethered to the DNA. The ability 
of tribbles to regulate the function of transcription factors has been reported before 
[29–31], however the role as a transcriptional repressor has not been shown before. 
While novel Tribbles interacting proteins with well-characterized functions may 
present immediate new entries for future research, interacting proteins with poorly 
understood functions such as the zinc finger proteins found interacting with TRIB3, 
obviously will need more characterization before their value – be it therapeutic or 
more fundamental – can be assessed. It should be noted that the protein kinase AKT/
PKB, a previously described interaction partner of TRIB3 [14], was detected in the 
TRIB1 interactome but was not a dominant hit in the TRIB3 interactomes in either 
HEK293T or MCF7 cells. Furthermore, when we compared the TRIB3 interactomes 
between the genetic variants R84 and Q84 –harboring an arginine and glutamine 

residue at position 84, respectively – no significant differences in interactomes were 
found (data not shown). The R variant was reported to be a more potent inhibitor 
of insulin signaling through stronger AKT binding when tested in hepatocytes [78]. 
Together these findings support the view that TRIB interactomes may harbor a 
uniform component (overlap between for example HEK293T cells and MCF7 cells) 
as well as a flexible component which depends on cell type (em. .g. hepatocyte vs 
HEK293T cells vs MCF7 breast cancer cells) or cellular status (e.g. proliferative status, 
metabolic status). Analyzing and comparing TRIB interactomes in more cell types and 
under different conditions is therefore an important future direction. 

In summary, we have shown new interactions that might be very relevant for cancer 
therapy and could situate Tribbles as therapeutic targets in breast cancer and we 
have shown how powerful and useful is the study of tribbles function through MS-
based proteomics approaches.

5. CONCLUSIONS

We have used a MS-based approach to find new interactors of Tribbles proteins that 
might serve as starting point for future research. We have shown to ability of TRIB3 to 
function as a transcriptional repressor as we looked at the similarities and differences 
between TRIB1 and -3 in breast cancer cells, finding new interactors that might help 
to understand better the function of these proteins in breast cancer pathology.
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Abstract

Objective: In vivo studies in humans and mice have implicated the pseudokinase 
Tribbles 3 (TRIB3) in various aspects of energy metabolism. In addition, cell-based 
studies indicate a role for TRIB3 in adipocyte differentiation and function, but it is 
unclear if and how these cellular functions translate into overall metabolic health.

Methods: We investigated the metabolic phenotype of whole-body Trib3 knockout 
mice, with a focus on adipocyte and adipose tissue functions. In addition, we 
combined lipidomics, transcriptomics, interactomics and phosphoproteomics 
analyses to elucidate cell-intrinsic functions of TRIB3 in (pre)adipocytes.

Results: While Trib3 knockout mice display increased adiposity, their insulin 
sensitivity remains unaltered. Trib3KO adipocytes are smaller and display higher PCNA 
levels, which point to i) altered proliferation-differentiation balance, ii) impaired 
expansion after cell division, or iii) an altered balance between lipid storage and 
release, or a combination thereof. Lipidome analyses indicate involvement in the 
latter 2 processes, as triglyceride storage is reduced and membrane composition, 
which can restrain cellular expansion, is altered. Integrated interactome, 
phosphoproteome and transcriptome analyses support a role for TRIB3 in all three 
cellular processes through multiple cellular pathways, including MAPK/ERK, PKA 
signaling and TCF7L2/beta catenin-mediated gene expression.

Conclusions: Rather than pointing to a single cellular pathway being affected, our 
findings support TRIB3 playing multiple distinct regulatory roles, in the cytoplasm, 
nucleus and mitochondria, in intertwined pathways in (pre)adipocytes, ultimately 
controlling adipose tissue homeostasis.

Keywords: Tribbles; adipocyte; omics analyses; Metabolism

1.	 Introduction

The prevalence of obesity and its related comorbidities have tripled since 1990 
and the global incidence of type II diabetes is projected to reach 350 million cases 
by 2030 [1]. Obesity is a chronic, multifactorial disease, developed through the 
interaction between genetics and environmental factors, such as nutrition, physical 
activity and cultural influences [2-4]. The World Health Organization (WHO) defines 
obesity as an unhealthy state characterized by excessive and abnormal adiposity, 
this adipose alteration represents the first step into the development of chronic 
inflammation and insulin resistance that results in metabolic dysfunction [5]. Adipose 
tissue (AT) is responsible for the storage and release of free fatty acids in response 
to different metabolic needs as well as the regulation of whole-body metabolism 
through the production and secretion of adipose-specific chemokines [6, 7].  
Adipocyte differentiation and function are tightly controlled by a set of pro- and 
anti-adipogenic factors; such as peroxisome proliferator- activated receptor y  
and CCAAT/enhancer binding proteins as pro-adipogenic factors [8] and Wnt 
signaling as anti-adipogenic factor [9, 10]. Prolonged and excessive exposure to a 
high caloric diet together with a sedentary lifestyle result in an increase in adipocyte 
number and size. These hypertrophic adipocytes become dysfunctional leading to a 
reduction in insulin sensitivity and overall metabolic health [11, 12]. In this context, 
understanding the mechanisms that govern adipocyte function and expandability is 
crucial for the development of new targeted therapies to improve insulin resistance 
and adipose metabolic health.

TRIB3 is a member of the Tribbles family of serine/threonine pseudokinases that 
functions as a protein scaffold, regulating a plethora of metabolic and cellular 
functions (reviewed in [13-15]). Tribbles act as interaction platforms promoting 
and inhibiting post-translational modification, such as ubiquitination and 
phosphorylation, or affecting protein-protein interactions [16], preventing or 
enhancing specific interactions, particularly relevant is the ability of TRIB3 to 
promote Wnt signaling by stabilizing the interaction between β-Catenin and TCF4 
[17]. Thus, Tribbles have been shown to play a critical role in pathways that control 
cellular differentiation, lipid metabolism and immune cell activation among others 
[18-20]. Previous in vivo studies have pointed to TRIB3 as a critical regulator of 
glucose tolerance and insulin sensitivity [21-24], and in vitro studies have suggested 
a role for TRIB3 in adipocyte differentiation and function by regulating C/EBPβ [25] 
and Peroxisome Proliferator Activator Receptor y (PPARy) transcriptional activity 
[26]. Yet, the role of TRIB3 in adipocytes is far from being understood. In this study, 
we used a full body knock-out mice model and state-of-the-art mass spectrometry-
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based proteomics approaches to determine the functional importance of TRIB3 
in adipose tissue as well as assessing whether TRIB3 could be the target for future 
therapeutic approaches to improve insulin sensitivity and adipose tissue health. We 
found that TRIB3 ablation impairs adipocyte expandability and lipid profile, resulting 
in an increased adipose tissue mass composed of smaller adipocytes. In addition, 
we found that TRIB3 functions as an intermediate between molecules that regulate 
different signaling cascades in response to external stimulus. Our study presents 
TRIB3 as a critical signaling mediator that regulates AT expansion and homeostasis.

2.	 Materials and methods

2.1	 Mice experiments licensing, husbandry and care
All experiments were performed in accordance with UK legislation under the 
Animals (Scientific Procedures) Act 1986. The University of Sheffield Project Review 
Committee approved all animal experiments which were carried out under the UK 
Home Office Project License 70/7992 held by Professor S.E. Francis, and Personal 
License to L. Martinez Campesino ID645D5F9. Mice were kept in an optimal and 
controlled environment to reduce mouse stress. Mice were subjected to 12 hours 
light/12 hours dark cycle, at 22oC with 40-60% of humidity. Their diet consisted of a 
standard chow (Harlan, 18% protein rodent diet) and it was unrestricted.

2.2	 Mouse strains and genotyping
Full body Trib3 knock out mice (Trib3KO) strain was developed using the gene-trap 
system. The gene trap vector targeted the first intron of the Trib3 gene. The vector 
contained two expression cassettes, the first one encoded for the splice acceptor site 
and the b- Galactosidase and neomycin fusion protein, while the second cassette 
encoded for a diagnostic marker and the splice donor site. In this way, heterozygous 
mice (Trib3HET) [B6;129S5-Trib3Gt(OST324148)Lex/Ieg)] were generated and 
backcrossed with C57/BL6 mice for ten generations. New heterozygous animals were 
inter-crossed to finally obtain Trib3KO embryos. Genomic DNA isolated from mouse 
ear clips was amplified by PCR (Table 1) using specific primers for the Trib3 WT and KO 
alleles (Table 2). Samples with a DNA ladder were run in a 2% (w/v) agarose gel, and 
the results were qualitatively analyzed using a trans-illuminator with EtBr/UV filter 
as shown in (Supplementary Figure 1). All the genotyping process was performed 
by the Genomics Core facility. Mice were weighed and culled via pharmacological 
overdose of 0.2ml sodium pentobarbital (200mg/ml) applied into the peritoneal 
cavity and cervical dislocation was performed as death confirmation. For mice used 
to assess atherosclerotic lesions or when blood was required, cervical dislocation was 

avoided, and cardiac puncture was performed following pentobarbital injection and 
prior breath cessation. Following loss of pedal reflex, the blood was collected into a 
heparinized syringe injected to the heart through the chest wall. Body as well as tissue 
weights were recorded.

Table 1. PCR conditions for genotyping

Process Temperature Time

Polymerase activation 95°C 5 min

Amplification 40x 95°C 30 sec

65°C 30 sec

72°C 30 sec

Inactivation 72°C 5 min

Table 2. Mouse Trib3 primer sequences used for genotyping

Genotype Primer sequence Product size

WT 5’-CCGCGACGAATGAAAGGTTTA-3’ 483 bp

5’-AGACTCCGAGAGCTGCTCAGTTAGG-3’

KO 5’-CCGCGACGAATGAAAGGTTTA-3’ 381 bp

5’-AAATGGCGTTACTTAAGCTAGCTTGC-3’

2.3	 Magnetic resonance imaging
15-week-old chow-fed male and female Trib3KO and Trib3WT mice (N=5 per group) 
were subjected to magnetic resonance imaging (MRI). Images were obtained using 
a 9.4 Tesla, Bruker Avance III MRI scanner (Bruker Biospin MRI GmbH, Ettlingen, 
Germany) with a 25mm 1H volume coil. Each mouse was placed in the center of the 
coil aligned with the abdomen and with the hips oriented at the top of the image. 
Structural MRI scans were performed using an MSME spin echo sequence (FOV 
3.0x3.0 cm, 512x512 matrix, TE/TR 16ms/1000ms). A stack of contiguous slices of 
1mm thick were taken for each mouse (35±1 slice per mouse in total) and processed 
using Bruker paravision 5.1 software. The slice package of MRI images was segmented 
and analyzed in FIJI/ImageJ. To align the fat measurements in the histograms, the 
location of the hips was used as standardized reference point. Intensity and threshold 
adjustment were performed for fat identification. Total adipose tissue, as well as 
subcutaneous (inguinal and dorsolumbar) and visceral (epididymal, mesenteric and 
perirenal) depots were distinguished based on their location.
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2.4	 Lipid profiling
Plasma was separated from isolated blood by centrifugation (1500xg for 5 min at 
room temperature) and immediately stored at -80oC. For analysis, 150μl of plasma 
was sent to the Department of Clinical Chemistry at the Royal Hallamshire Hospital 
(Sheffield Teaching Hospitals) to assess a full lipid profile measuring: total cholesterol, 
low (LDL) and high (HDL) density lipoproteins, triglycerides and glucose, using a 
Roche Cobas 8000 modular analyser series.

2.5	 Glucose tolerance test (GTT) and insulin tolerance test (ITT)
Mice were fed on chow diet for at least 8 weeks and then fasted overnight. Fasting 
mice were weighted and blood was collected from the tail. A 20% glucose solution 
was prepared and filtered through 0.2 µm filter. For GTT, 2 mg of glucose were 
administrated per g of body weight and blood was collected at 0, 30, 60, 90 and 120 
min after glucose challenge by tail sampling method. For ITT, mice were faster for 
at least 2h and then weighted. Then 0.75 mU insulin per gram of body weight was 
injected intraperitoneally. Using an insulin syringe. Blood glucose was measured at 
0, 20, 40, and 60 minutes after injection.

2.6	 Semi targeted lipidomics
shScramble and shTRIB3 3T3-L1 cells were differentiated in 6-well plates and once 
differentiated, cells were washed with 300µL of ice-cold PBS solution three times. 
500µL of dry-ice cold methanol/water mix (80%/20%,v/v) was added and cells and 
scraped from the well. Cells were then collected and stored on dry ice or at at -80°C 
until lipidomic analysis.

2.7	 Lipidomics
A volume of 50 µL homogenized cells was subjected to Liquid-Liquid extraction (LLE). 
The sample was vortex-mixed with methanol-methyl-tert-butylether (containing 
one internal standard per lipid class and an amount of antioxidant – BHT - to 
prevent lipid oxidation) after which an amount of water was added to induce phase 
separation. After incubation, the sample was centrifuged and the organic top layer 
containing all lipids was transferred to a clean sample vial. This lipid fraction was 
dried in a vacuum concentrator. Prior to analysis the lipid residue was dissolved in 
acetonitrile, thoroughly vortex mixed and transferred to an injection vial. LC-MS/MS 
sample analysis was conducted on an Ultimate 3000 UHPLC with LTQ-Orbitrap XL 
high resolution mass spectrometry detection. For chromatographic separation an 
Acquity BEH C18 column (2.1x100 mm, 1.7 µm) positioned in a 60°C column oven 
was used. Upon injection of 5 µL sample a 10 min gradient was started (total runtime 
20 min per sample). Sample analysis was conducted in both positive mode and 

negative mode. Generated data were submitted to MZMine for alignment and data 
analysis. Raw data was uploaded and normalized via Metaboanalist 5.0. Principal 
component analysis (PCA) analysis and heat map generation was also performed via 
Metaboanalist 5.0 software [27]. Enrichment analysis of normalized lipidomic data, 
using ‘ranking mode’, was performed via LIONweb [28].

2.8	 Stromal vascular cell fraction of adipose tissue and  
pre-adipocyte culture
Adipose tissue from Trib3KO and Trib3WT was dissected, minced and digested using 
a collagenase buffer (HBBS medium (Gibco), 2% (v/v) BSA (Sigma) and 1.4 mg/
ml collagenase type II (Sigma)) to facilitate the dissociation between adipocytes 
and stromal vascular cells (SVC). To separate and discard adipocytes from SVCs, 
the digested tissue was filtered and centrifuged, and the supernatant containing 
adipocytes was removed. The cell pellet corresponding to the SVC fraction was 
then incubated with red blood cell (RBC) lysis buffer, neutralized and centrifuged 
again. The resulting cell pellet containing SVCs was further used for preadipocyte 
culture. The isolated SVC fraction from the AT digestion was cultured in complete 
DMEM media, changing media every 2 days. When 90% of confluency was reached, 
the cells were treated with differentiation media, consisting of complete DMEM 
media supplemented with 1μg/ml of Insulin (Sigma), 2.5μM Dexamethasone 
(Sigma) and 0.5μM 3-Isobutyl-1-methylxanthin (IBMX) (Sigma). After 48h, media 
was removed, and the cells were washed with PBS and fresh differentiation 
media was added for another 48h. After that time, cells were maintained with 
complete media supplemented with 1μg/ml of Insulin (Sigma) only for 7 days, until  
complete differentiation.

2.9	 RNA extraction and reverse transcription (RT)-qPCR
Total RNA was isolated from pre-adipocytes and mature adipocytes was performed 
by using the RNeasy lipid tissue mini kit (Qiagen) following manufacturer’s protocol. 
cDNA was synthesized using the Precision nanoScriptTM 2 RT kit (Primer design) 
according to manufacturer’s instructions. Quantitative PCR was carried out using 
Precision PLUS SYBR-Green master mix (Primer design) in a Bio-Rad i-Cycler machine. 
Specific primers were designed with NCBI BLAST and all assays were performed in 
triplicate and normalized to the expression levels of CYCLO as a suitable house-
keeping gene. Fold changes compared to the house-keeping genes were calculated 
using Ct method. Amplification and melting curves were checked for each reaction 
to ensure specific single products were amplified with >90% efficiency.
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2.10	 RNA sequencing and bioinformatic analyses
RNA was isolated from differentiated adipocytes from Trib3WT and Trib3KO mice 
(N=5, per group) using the RNeasy lipid tissue mini kit (Qiagen) according to 
manufacturer’s instructions. Samples were then sent to Novogene Co. Ltd (https://
en.novogene.com) and used for messenger RNA sequencing. RNA samples were 
assessed using nanodrop for preliminary quantitation, agarose gel electrophoresis 
to test degradation and contamination and Agilent 2100 to assess RNA integrity and 
final quantitation. For cDNA library construction, mRNA was enriched using oligo(dT) 
beads, randomly fragmented following cDNA synthesis. Then cDNA libraries were 
assessed for quality control and qualified libraries were used for sequencing using 
Illumina sequencers (NovaSeq platform). The obtained raw data files were analyzed 
and quality controls on the fastq files, principal component analysis and differentially 
expressed gene analysis was performed. Data was analyzed using Ingenuity Pathway 
Analysis software (IPA, Qiagen). Data will be deposited in the NCBI GEO database and 
accession number will be provided upon submission of the manuscript.

2.11	 Tissue sections and staining
Tissue sections were dewaxed in xylene, rehydrated in graded alcohols (100%-75% v/v)  
and rinsed in water following incubation in Gills hematoxylin solution for 5 min. The 
slides were then rinsed in running water, submerged in Scott’s Tap-Water for 30 
seconds and rinsed in water again. Eosin-phloxine was used for counter-staining 
following water rinse and dehydration in graded alcohols and xylene. Slides were 
then mounted with coverslips using DPX mounting solution (Sigma-Aldrich, UK). 
Images to assess tissue morphology were taken using a brightfield microscope 
(Nikon Eclipse E6000) at 10x and 20x magnification. Three fields of view per tissue per 
mouse were captured and analyzed using Image J software. Adiposoft software [29]  
was used to asses adipocyte area.

2.12	 Cell culture
The immortalized murine-derived brown pre-adipocyte cell line (IBA) [30, 31] were 
cultured in high-glucose (4.5 g/L d-glucose) DMEM medium (Life technologies, 
Carlsbad, CA) supplemented with 10% bovine serum and 1% penicillin and 
streptomycin. Cells were incubated in 5% CO2 incubator at 37°C and 95% humidity. 
Generation of inducible TRIB3- tGFP IBA cells was done using third-generation 
lentiviral constructs using supernatants form HEK293T (ATCC CRL-3216, Manassas, 
VA, USA) cells transfected with lentiviral packaging plasmids. HEK293T cells were 
transfected using X-treme gene 9 DNA transfection reagent (Roche) following 
manufacturer’s instructions.

2.13	 Western blot analysis
Western blotting was performed as described before [32]. In short, after induction 
with doxycycline cells were lysed in iced-cold lysis buffer (150 mM NaCl, 1% NP40, 
0.5% sodium DOC, 0.1% SDS, 25 mM Tris pH7.4 and supplemented with protease 
inhibitors). Protein concentrations were measured and samples were supplemented 
with Laemmli sample Buffer (LSB). Samples were run in SDS-PAGE gels and transfer 
to PVDF membranes. Blocking was performed in 5% milk in TBS-T for 45 minutes at 
room temperature. ECL western blot solution was used to detect protein expression 
using a LAS4000 Image Quant.

2.14	 Immunoprecipitation
Immunoprecipitation was performed as described previously [33] using turboGFP-
Trap beads (Chromotek) after 24/48h induction with doxycycline.

2.15	 Mass spectrometry
Mass spectrometry methodology was extensively described previously [33] In short, 
precipitated proteins were digested with trypsin (250 ng/µL) and peptides were 
separated from beads using a C-18 stage tip (3M, St Paul, MN, USA). After separation 
peptides were electro-sprayed directly into an Orbitrap Fusion Tribrid Mass 
Spectrometer (Thermo Scientific). The MS was run in DDA mode with one cycle per 
second. Full scan (400-1500 mass range) at a resolution of 240,000 Ions was performed 
reaching an intensity threshold of 10,000. Ions were isolated by the quadrupole and 
fragmented with an HCD collision energy of 30%. The obtained data was analyzed 
with MaxQuant [Version 1.6.3.4] using the Uniprot fasta file (UP000000589) of Mus 
musculus (Taxonomy ID: 10090).

2.16	 Phosphoproteomics
Enrichment of phospho-peptides for SILAC labeling, MCF7 TRIB3-KD cells or scramble 
control cells were cultured in high-glucose (10% dialyzed FBS (BioWest)) DMEM (Thermo) 
lacking lysine and arginine supplemented with Lys-0/Arg-0 or Lys-8/Arg-10 (Silantes). 
Cells were lysed in 8 M Urea, 1M Ammonium-BiCarbonate (ABC) containing 10 mM 
Tris(2- carboxyethyl)phosphine hydrochloride (TCEP) and 40mM 2-chloro-acetamide 
supplemented with protease inhibitors (Roche, complete EDTA-free) and 1% (v/v) 
phosphatase inhibitor cocktails 2 and 3 (Sigma, Cat. No. P5726 and Cat. No. P0044). After 
ultra-sonication, Heavy and light cell lysates were mixed 1:1 and proteins (20mg total) 
were over-night in solution digested with trypsin (1:50) (Worthington). Peptides were 
desalted using SepPack columns (Waters) and eluted in 80% acetonitrile (ACN). To enrich 
for phospho-peptides, 200 mg Calcium Titanium Oxide (CaTiO3) powder (Alfa Aesar, 325 
mesh) was equilibrated 3 times with binding solution (6% Acetic acid in 50% ACN pH=1
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with HCl) after which the phospho-peptides were allowed to bind at 40 ˚C for 10 
minutes on a shaker. After 6 times centrifugation and washing, phospho-peptides were 
eluted twice with 200µl 5% NH3. The peptides were dried using a SpeedVac and the 
dissolved in buffer A (0.1% FA) before loading on in-house made C18 stage-tips and 
divided with high PH elution into three fractions (100mM NH3/FA PH=10 in 5%, 10% 
or 50% ACN).

2.17	 Data analysis
Raw files were analyzed with the Maxquant software version 1.6.3.4 (Cox and Mann, 
2008) with phosphorylation of serine, threonine and tyrosine as well as oxidation 
of methionine set as variable modifications, and carbamidomethylation of cysteine 
set as fixed modification. The Human protein database of Uniprot (January 2019) 
was searched with both the peptide as well as the protein false discovery rate set 
to 1%. The SILAC quantification algorithm was used in combination with the ‘match 
between runs’ tool (option set at two minutes). Peptides were filtered for reverse 
hits and standard contaminants. Forward and Reverse ratios were plotted in R 
(www.r-project.org). The mass spectrometry proteomics data will be deposited to 
the ProteomeXchange Consortium via the PRIDE partner repository (http://www.ebi.
ac.uk/pride) upon manuscript submission.

3.	 Results

3.1	 TRIB3 expression is increased in hypertrophic adipocytes and 
its expression correlates with different metabolic traits
First, we used publicly available databases to assess the expression of TRIB3 in 
adipose tissue (AT). We found that TRIB3 is highly expressed in human AT, and in 
particular in the adipocyte fraction (Figure 1A). In addition, we found that TRIB3 
expression is elevated in AT of individuals with obesity compared to lean individuals 
(Figure 1B). Furthermore, TRIB3 expression is elevated in fully mature adipocytes 
(day 21) compared to undifferentiated adipose tissue-derived stromal stem cells 
(ASCs) and early differentiation state (day 7) (Figure 1C). In addition, we used a well- 
characterized mouse hybrid panel [34] to assess whether adipose specific TRIB3 
expression correlates with any phenotypic trait [35]. We found that TRIB3 expression 
in AT positively correlates with leptin levels and negatively with weight and non- 
abdominal fat (Supplementary figure 2). Altogether, these data point to TRIB3 as a 
potential regulator of adipose tissue function(s) and metabolic health.

A B C

FFiigguurree 11.... (A) TRIB3 expression in human subcutaneous adipose tissue (GSE26399). (B) TRIB3 expression
is higher in obese individuals compare to lean(GSE12050). (C) TRIB3 expression in ASCs (GSE61302).

Figure 1. (A) TRIB3 expression in human subcutaneous adipose tissue (GSE26399). (B) TRIB3 expression 
is higher in obese individuals compare to lean (GSE12050). (C) TRIB3 expression in ASCs (GSE61302).
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hhoommeeoossttaassiiss.. (A) Body weight of 15-week-old males and females from Trib3KO and WT mice. (B) Body
weight of 15-week-old Trib3KO and WT male mice. (C) Cholesterol levels in plasma from Trib3KO male
mice compared to wildtype littermates. (D) Plasma Triglyceride levels in Trib3KO male mice compared to
wildtype littermates. (E) Measured of fasting glucose levels in Trib3KOmale mice compared to wildtype
littermates. (F) Glucose tolerance test. (G) Insulin tolerance test. Unpaired T-test (*p ≤ 0.05. **p ≤ 0.01.
***p ≤ 0.001. ****p ≤ 0.0001, N.S= Not significant).
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Figure 2. Trib3KO mice show increased body weight and altered cholesterol and glucose homeostasis.  
(A) Body weight of 15-week-old males and females from Trib3KO and WT mice. (B) Body weight of 
15-week-old Trib3KO and WT male mice. (C) Cholesterol levels in plasma from Trib3KO male mice compared 
to wildtype littermates. (D) Plasma Triglyceride levels in Trib3KO male mice compared to wildtype 
littermates. (E) Measured of fasting glucose levels in Trib3KO male mice compared to wildtype littermates. 
(F) Glucose tolerance test. (G) Insulin tolerance test. Unpaired T-test (*p ≤ 0.05. **p ≤ 0.01. ***p ≤ 0.001. 
****p ≤ 0.0001, N.S = not significant).
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3.2	  Trib3KO mice show increased body weight, altered cholesterol 
and glucose homeostasis
To investigate the role of TRIB3 in AT we analyzed this tissue in Trib3 full body 
knockout mice (Trib3KO). Fifteen-week-old chow-fed Trib3KO mice had increased body 
weight (26.16 ± 0.71 g) compared to wild-type littermates (Trib3WT) (23.92 ± 0.74 g)  
(Figure 2A). When stratified by sex, only males had an increased body weight 
compared to wild-type littermates (Figure 2B), hence the focus on male mice for 
the rest of the study. Trib3KO mice showed a significant increase in plasma total 
cholesterol (Fig. 2C) but not in plasma triglycerides (Figure 2D) or fasting glucose 
levels (Figure 2E). In addition, glucose tolerance test (GTT) indicated no difference in 
glucose clearance in Trib3KO mice compared to wild type animals (Fig. 2F). Next, we 
performed an insulin tolerance test to assess insulin sensitivity in these animals and 
observed that Trib3KO mice recover circulating glucose levels similar to the wild-type 
littermates after the insulin bolus (Figure 2G). Taken together, Trib3KO mice display 
increased body weight and cholesterol levels that were not accompanied by altered 
plasma triglyceride levels or overt insulin resistance.

3.3	 Adipose tissue mass and adipocyte size is affected in the  
Trib3KO mice
To gain insight into the potential anatomical reasons for the observed difference 
in body weight in male Trib3KO vs. Trib3WT mice we performed magnetic resonance 
imaging (MRI) to assess body fat composition. Image slices were aligned at the hip 
level and the total adipose area per slide was quantified, shown as white area within 
the image (Supplementary figure 3). The total fat volume per mouse showed a trend 
toward increased adiposity (Figure 3A), which was significant when fat depots were 
analyzed separately. In fact, we found that the difference in body weight is mainly 
due to an increase in the inguinal fat depot (subcutaneous white adipose tissue, 
subWAT; Fig. 3B) and a moderate increase in epididymal WAT (visceral white adipose 
tissue, visWAT; Fig. 3C). This difference in adiposity was also accompanied by a change 
in adipocyte size. Quantifications from H&E staining of sections from inguinal and 
epididymal fat depots (Fig. 3D) confirmed that Trib3 deletion results in significantly 
smaller adipocytes in the subWAT with a shifted frequency distribution towards 
smaller cell size (Figure 3E). Similar differences albeit less pronounced were found in 
visWAT (Figure 3F). Furthermore, the expression of Proliferating Cell Nuclear antigen 
(PCNA), a well-known marker of proliferating cells [36], was increased in the subWAT 
of Trib3KO mice when compared to wild type littermates at the mRNA and protein 
level (Figure 3G). Together these data suggest that TRIB3 plays a role in adipose tissue 
expansion and remodeling, with the strongest effects in subWAT where the absence 
of TRIB3 increases adipocyte proliferation and/or constrains cell size.
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Figure 3. Trib3KO mice display increased body weight and adiposity with smaller adipocytes.  
(A) Representative MRI cross-sectional images showing the fat distribution at the abdominal region 
and total adipose quantification. (B) Quantitative analysis of the total volume and the individual depot 
volumes of the subcutaneous (B) and visceral (C) adipose tissue by MRI. (D) Representative hematoxylin 
& eosin (H&E) stained subcutaneous (inguinal) and visceral (epidydimal) adipose tissue sections. Scale 
bar, 50 µm. Quantification of the mean adipocyte surface area and frequency distribution of adipocyte 
size of the H&E sections from the subcutaneous (E) and visceral (F) described depots. Graphs are 
presented as Mean ± SEM, unpaired student’s T test, *p<0.05. (G) PCNA expression and protein levels 
in subWAT.
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3.4	 TRIB3 regulates the overall lipid profile of adipocytes
The reduced adipocyte size observed upon in vivo Trib3 ablation (Figure 3) could 
have different causes, including impaired expansion after cell division, an altered 
balance between lipid storage and release, or a combination thereof. To investigate 
these possibilities and exclude communication with other cell types and/or 
organs we generated mouse 3T3-L1 (pre)adipocytes with stable shRNA-mediated 
knockdown (KD) of Trib3 (Supplementary Figure 4). First, we measured intracellular 
TG levels. Mature Trib3 KD adipocytes displayed lower intracellular TG levels (Figure 
4A), suggesting that Trib3 is required to maintain a proper balance between lipid 
storage and release. To obtain a deeper understanding of the role of Trib3 in lipid 
handling, we performed semi-targeted lipidomics, which allows in-depth total 
lipidome profiling by using lipid class standards to define the individual species 
within that class. Trib3 KD in mature 3T3-L1 adipocytes resulted in changes in the 
lipid profile of these cells as shown by initial principal component analysis (PCA), 
where the lipidome in KD cells clusters separately from control counterparts (Figure 
4B). The reduction of Trib3 levels had broad and significant effects on the cellular lipid 
profile (Figure 4C). Amongst others, some membrane components were elevated 
(phosphatidylethanolamines (PE), phosphatidylglycerols (PG), ceramides (Cer), and 
phosphatidylinositol (PI)) whilst others were reduced (phosphatidylserine (PS), 
phosphatidylcholine (PC)), suggesting altered membrane composition and thereby 
potentially altered expandability. We further analyzed these data using LIONweb, an 
online ontology enrichment tool specifically designed to associate lipid species to 
biological features and functions [28]. Several processes and lipid classes linked to 
membrane functions were enriched (e.g. ‘Glycerophosphoethanolamines’ and ‘Very 
high lateral diffusion’ respectively); Figure 4C). Interestingly, the LIONweb category 
‘Mitochondrion’ was also enriched, suggesting a yet unidentified role of TRIB3 in 
biology (see Discussion). In summary, the reduction of Trib3 levels alters the balance 
between lipid storage and release, and potentially also their expandability through 
altered lipid composition of membrane components, which together may present 
cell-autonomous mechanisms contributing to the smaller adipocyte size observed 
in Trib3KO mice (Fig. 3).

FFiigguurree 44.. KKnnoocckkddoowwnn ooff TTRRIIBB33 iinn 33TT33--LL11 aaddiippooccyytteess aalltteerrss lliippiidd pprrooffiillee.. (A) Principal component
analysis of Sh-Trib3 and Sh-Control lipidome. (B) Semitargeted lipidomics analysis identifies 577 lipid
species total. Heat map of average lipid class abundance highlight Trib3’s total adipose lipid profile
alteration. (E) LIONweb enrichment analysis of semi-targeted lipidomic data ranking mode showing
the top 20 enrichment hits, black line designating threshold for significance.
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Figure 4. Knockdown of Trib3 in 3T3-L1 adipocytes alters lipid profiles. (A) TG content of scrambled 
and Trib3 shRNA KD 3T3-L1 adipocytes. (B) Principal component analysis of Sh-Trib3 and Sh-Control 
lipidome. (C) Semitargeted lipidomics analysis identifies 577 lipid species total. Heat map of average 
lipid class abundance highlight Trib3’s total adipose lipid profile alteration. (D) LIONweb enrichment 
analysis of semi-targeted lipidomic data ranking mode showing the top 20 enrichment hits, black line 
designating threshold for significance.

3.5	 Integrated omics identifies multiple TRIB3-dependent 
pathways regulating lipid handling and proliferation-differentiation 
in (pre)adipocytes
To identify cellular pathways that may underly the effects of Trib3 ablation on the 
lipidome (Fig. 4), ultimately resulting in altered adiposity and reduced adipocyte 
size in vivo (Fig. 3), we employed a combination of omics approaches, including 
interactome, phosphoproteome and transcriptome analyses. We first analyzed 
the TRIB3 interactome, employing our previously developed mass spectrometry-
based approach [33]. We generated inducible TRIB3-tGFP cell lines in mouse IBA 
(pre)adipocytes, an accessible and versatile model to study adipocyte biology [31], 
and induced TRIB3-tGFP expression with doxycycline for 24h at day 0 and day 6 of 
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adipocyte differentiation (Figure 5A); differentiation was monitored by expression 
of Fabp4 (Figure 5B). Subsequently, we identified TRIB3 interacting proteins by 
immunoprecipitating TRIB3-tGFP with a nanobody against tGFP coupled to agarose 
beads, followed by mass spectrometry analyses of the immunoprecipitated proteins. 
Among the interactors found at day 0, two serine/threonine protein kinases stand 
out: the Serine/Threonine kinase 1 (AKT1), a previously reported TRIB3 interacting 
protein that regulates –amongst others– insulin signaling [37], and MAPK6/ERK3, 
an atypical MAP kinase that is member of the extracellular-regulated kinases. Other 
interacting proteins included proteins involved in RNA binding and processing 
(DHX16, CCDC124 and UTP3) and microtubule associated proteins such as CCDC66 
and GPHN. Interestingly, we found mitochondrial importer proteins of the TIMM/
TOMM complex that we have previously identified as TRIB3 interacting proteins in 
cancer cells [33] and USP30, a deubiquitylation enzyme involved in mitochondrial 
fusion [38]. Similar to the interacting proteins identified prior to differentiation, we 
found that TRIB3 interacts with ERK/MAPK pathway proteins in mature adipocytes, 
such as  TAOK1, MAPK6, PRKD2 and SIPA1L2, confirming the regulatory role of TRIB3 
on ERK/MAPK signaling and described by us and others in multiple cellular contexts 
[39- 41]. In addition, we found the same mitochondrial transporters (TIMM13, 
TIMM8A1 and TIMM8B) together with two other mitochondrial proteins (STOML2 and 
NDUFB10). In contrast with the interacting proteins detected at day 0, at day 6 we 
found a high number of proteins that can be linked to transcriptional regulation such 
as NACC1, ASHL2, ETV6 and CTNNB1/m-catenin. NACC1 and ETV6 are associated with 
transcriptional repression and have been linked with ovarian cancer progression [42, 
43] and leukemia [44] respectively, nad neither has been reported as an interactor 
of TRIB3 before. In contrast, ASHL2 and CTNNB1/m-catenin have been previously 
described as TRIB3 interactors. ASHL2 is a member of the WRAD complex, responsible 
for histone-3 lysine-4 methylation in mammalian cells, and we and others have 
previously reported the interaction between TRIB3 and subunits of the MLL- WRAD 
complex [33, 45, 46]. Previous studies have also reported the interaction between 
TRIB3 and m-catenin, showing that TRIB3 promotes Wnt signaling by interacting with 
CTNNB1/m-catenin and TCF4 and enhancing their transcriptional activity [17, 47, 48].  
In adipocytes, Wnt signaling regulates the balance between proliferation and 
differentiation, promoting pre-adipocyte proliferation whilst inhibiting terminal 
differentiation into mature adipocytes [10, 49]. Taken together, the (pre)adipocyte 
TRIB3 interactome spans many different protein classes (e.g. kinases and 
transcriptional regulators) as well as cellular localizations (e.g. cytoplasm, nucleus 
and mitochondria), which may directly or indirectly link to proliferation, cell size and 
lipid storage and release.

Since interactome analyses may be limited by the strength and stability of the 
interactions, we complemented the TRIB3 interactome studies with TRIB3-dependent 
phosphoproteome analyses. While TRIB3 is not able to phosphorylate target proteins 
due to the lack of the metal binding motif in the kinase domain, it can interact with 
canonical kinases and regulate their function [50], as also observed here (Figure 5). 
We again used the inducible TRIB3-tGFP IBA cells described above and subjected 
these to SILAC-based quantitative proteomics. Cells were maintained in media 
containing heavy or light amino acids (lysine and arginine) for 5 passages and 
incorporation of labeled amino acids was assessed prior to the beginning of the 
experiment (data not shown). TRIB3-tGFP lines were induced with doxycycline for 24h 
on differentiated IBA cells, and then the phospho-proteome of induced vs uninduced 
differentiated TRIB3-tGFP cells was compared together with the reverse experiment 
(Figure 6 A). Among the top 15 canonical pathways that were found, dysregulated 
mTOR and insulin receptor signaling was the most significant (Figure 6B), in line 
with the interactome data (Figure 5) and previous studies [37, 51]. In addition, 
pathways that control whole-body energy balance were found to be dysregulated, 
including the ERK/MAPK and AMPK and PKA pathways. AMPK (AMP-activated protein 
kinase) inhibits fatty acid and cholesterol synthesis in adipocytes upon low levels 
of nutrients [52]. On the other hand, PKA is a major regulator of mitochondrial 
biogenesis and lipolysis, enhancing browning of WAT and the release of fatty 
acids from the lipid droplets by phosphorylation of lipases and perilipin [53, 54].  
Moreover, the induction of TRIB3 affects the G2/M DNA damage checkpoint and 
ATM signaling, which, together with the result from the previous section where p53 
was found as an interacting partner of TRIB3, situates the pseudokinase as a pivotal 
regulator of the cell cycle in adipocytes. Analysis of the upstream regulators reveals 
kinases and other protein complexes that are altered by TRIB3 in adipocytes (Figure 6C).  
Among the most significant upregulated are EGF, AKT1, GH1 and MAPK1, it is also 
worth mentioning the downregulation of p53, PTEN and PTPN11 according to the 
Z-score generated. We also find several transcription factors that have changed their 
phosphorylation status upon TRIB3 induction, including ATF4, ATF7 and STAT3. These 
results indicate that TRIB3 is able to regulate adipocyte function, modulating the 
activation of mTOR, insulin signaling and ERK/MAPK pathways, resulting in changes 
in transcription factor activation that drive adipocyte function. Finally, we analyzed 
the effect of Trib3 depletion on adipocyte gene expression. The stromal vascular 
fraction (SVF) from subcutaneous and visceral WAT depots from Trib3KO and Trib3WT 
male mice was isolated, expanded and differentiated into mature adipocytes as 
shown before [55](Figure 7A). Adipocyte differentiation was evaluated by mRNA 
expression of markers such as Ppary, Lpl, Fabp4 and Adipoq (encoding adiponectin). 
We found that Trib3 deficient cells displayed significantly higher levels of Ppary 
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and Fabp4 when compared to WT cells, while Adipoq and Lpl showed a strong but 
not significant trend of upregulation in the Trib3 deficient cells (Figure 7B). When 
the same markers were assessed in ex-vivo differentiated SVF from visceral WAT 
similar trends were observed albeit to a lesser extent (Supplementary Figure 5), 
in line with the stronger effect of Trib3 ablation on subcutaneous AT volume and 
adipocyte size compared to vWAT (Figure 3 B-F).To gain a more comprehensive 
insight into Trib3-dependent changes in adipocyte transcriptional programmes, 
transcriptome analyses of ex vivo differentiated adipocytes from subcutaneous 
WAT of Trib3KO and Trib3WT mice were performed. Pathway analysis of differentially 
expressed genes (Ingenuity Pathway Analysis (Qiagen)) was performed and revealed 
41 altered canonical pathways and 64 diseases and functions significantly affected 
by Trib3 deficiency (Supplementary Table 1). The top altered canonical pathways in 
Trib3KO adipocytes include downregulated pathways involved in lipid homeostasis 
(TAG degradation and PKA signaling) in line with our lipidome, interactome and 
phosphoproteome data (Figures 4-6). Among all the molecules that were found 
significantly dysregulated (p-value < 0.05) ‘transcription regulator’ was the most 
frequent molecule type identified (Figure 7D). Within this category, the top activated 
molecule was TCF7L2 while HOXA10 was the most inhibited (Figure 4D). TCF7L2 (also 
known as TFC4) is the endpoint of the Wnt/- Catenin signaling cascade which has 
been implicated in adipocyte differentiation and function [56, 57] as well as the Wnt/-
Catenin pathway being associated with TRIB3 in multiple other cell types [17, 47, 48].  
The homeobox transcription factor HOXA10 has also been implicated in adipocyte 
differentiation and function [58].

> Figure 5. Trib3 interacting proteins in (pre)adipocytes. (A) Doxycycline inducible constructs used 
to generate TRIB3-tGFP and tGFP control cell lines in IBA cells. (B) Western blots showing induction of 
TRIB3-tGFP only upon doxycycline induction, FABP4 as adipocyte differentiation marker and actin as 
loading control. (C) Schematic representation of adipocyte differentiation. (D) Table of TRIB3 interacting 
protrins in Undifferetaietd (Day 0) and differentiated (Day 6) IBA (pre)adipocytes. 

FFiigguurree 55.. TTrriibb33 iinntteerraaccttoorrss iinn aaddiippooccyytteess.. (A) Doxycycline inducible constructs used to generate TRIB3-
tGFP and tGFP control cell lines in IBA cells. (B) Western blots showing induction of TRIB3-tGFP only
upon doxycycline induction, FABP4 as adipocyte differentiation marker and actin as loading control. (C)
Schematic representation of adipocyte differentiation. Table of TRIB3 interactors in differenciated IBA
cells.
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Taken together, our integrated omics approaches indicate that i) TRIB3 can interact 
with a large set of proteins in adipocytes, including various kinases, such as AKT 
and MAPK6, and transcriptional regulators, such as CTNNB1//-catenin, ii) TRIB3 can 
directly or indirectly alter signaling pathways in adipocytes, such as mTOR, MAPK 
and PKA signaling, iii) depletion of Trib3 affects the adipocyte transcriptome, with 
dominant effects on the transcription factors TCF7L2 and HOXA10. Rather than 
pointing to a single cellular pathway being affected, these findings support TRIB3 
playing multiple roles, both in the cytoplasm and the nucleus and potentially also 
in mitochondria, in intertwined pathways, ultimately contributing to an optimal 
balance in proliferation vs. differentiation capacity, and proper lipid storage. As a 
consequence, ablation of Trib3 affects the proliferation-differentiation balance and 
net lipid storage in Trib3 full body knockout mice adipose tissue.
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FFiigguurree 66.. TTrriibb33 iinndduuccttiioonn aalltteerrss mmTTOORR aanndd MMAAPPKK ssiiggnnaalllliinngg aanndd aaffffeeccttss cceellll ccyyccllee pprrooggrreessssiioonn iinn
aaddiippooccyytteess.. (A) Schematic representation of Trib3-tGFP IBA cells in heavy and light SILAC media. (B) Top
15 altered canonical pathways of phospho-peptides found up or downregulated. (C) Altered upstream
kinases, protein complexes and enzymes according to Ingenuity pathway analysis (Quiagen).
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Figure 6. TRIB3 induction alters mTOR and MAPK signaling and affects adipocyte cell cycle 
progression. (A) Schematic representation of TRIB3-tGFP IBA cells in heavy and light SILAC media. 
(B) Top 15 altered canonical pathways of phospho-peptides found up or downregulated. (C) Altered 
upstream kinases, protein complexes and enzymes according to Ingenuity pathway analysis (Quiagen).

FFiigguurree 77.. RRNNAA sseeqquueenncciinngg ooff eexx--vviivvoo ddiiffffeerreennttiiaatteedd aaddiippooccyytteess rreevveeaallss ddiiffffeerreenncceess iinn ggeennee eexxpprreessssiioonn
pprrooffiilleess bbeettwweeeenn TTRRIIBB33KKOO aaddiippooccyytteess aanndd wwiilldd ttyyppee.. (A) Schematic representation of preadipocyte
isolation and ex-vivo differentiation. (B) Expression of Trib3, Pparγ, Lpl, AP2 and Adipoq in ex-vivo
differentiated adipocytes. (C) Top altered canonical pathways found dysregulated in the RNAseq of the
ex-vivo differentiated subWAT of the Trib3ko mice compared to WT littermates. (D) Upstream regulators
analysis of RNA-seq dataset using Ingenuity pathway analysis (Qiagen). (E) Top altered upstream
regulators indicating p-value and activation Z-score.
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Trib3 Ppar𝛾𝛾 Lpl Fabp4 Adipoq

Figure 7. RNA sequencing of ex-vivo differentiated adipocytes reveals differences in gene 
expression profiles between Trib3KO adipocytes and wild type. (A) Schematic representation of 
preadipocyte isolation and ex-vivo differentiation. (B) Expression of Trib3, Pparγ, Lpl, Fabp4 and Adipoq in 
ex-vivo differentiated adipocytes. (C) Top altered canonical pathways found dysregulated in the RNAseq 
of the ex-vivo differentiated subWAT of the Trib3ko mice compared to WT littermates. (D) Upstream 
regulators analysis of RNA-seq dataset using Ingenuity pathway analysis (Qiagen). (E) Top altered 
upstream regulators indicating p-value and activation Z-score.
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Discussion

In vivo studies in humans and mice have indicated that the pseudokinase TRIB3 
regulates energy metabolism [59, 60], and cell-based studies suggest a role in 
adipocytes [26], but it was unknown if these observations are causally linked. We 
found that whole-body ablation of Trib3 in mice results in adipose tissue expansion 
while insulin sensitivity was maintained. We detected more and smaller adipocytes 
in the KO animals, a phenotype that has frequently been associated with insulin 
sensitivity [61-63]. Using a combination of lipodome, interactome, phosphoproteome 
and transcriptome analyses, we found a multifaceted role for TRIB3 in proliferation, 
TG storage and cellular expansion, potentially regulated through multiple cellular 
pathways, including for example MAPK/ERK and PKA signaling and TCF7L2/beta 
catenin-mediated gene expression. In support of these various molecular roles, 
TRIB3 has been reported to be localized in the cytoplasm and the nucleus [39], and 
to interact with a large set of cellular proteins in various biological settings [17, 64].  
Interestingly, the TRIB3 interactome in adipocytes reported here as well as the 
interactomes in MCF7 breast cancer cells and HEK297T cells, we reported earlier [33],  
all suggest a potential role for TRIB3 in mitochondria, which will be the focus  
of future studies.

Our combined interactome and phosphoproteome analyses indicate that TRIB3 
functions as an integrator of signaling pathways in adipocytes, being able to 
regulate kinases downstream of membrane receptors, such as AKT1, mTOR or ERK3, 
and transcription factors such as CTNNB1 or ASH2L that drive transcription of key 
factors of adipose biology. Regarding the interactions with kinases and proteins that 
regulate kinases, TRIB3 seems to regulate their substrate specificity skewing these 
kinases in certain directions. The effect of TRIB3 on transcription factor activity is also 
complex. TRIB3 has been shown to interact and modulate the activity of a number of 
transcription factors [17, 65], and can repress transcription through recruitment of 
repressor proteins like ZBTB1 [33] or interference with recruitment of transcriptional 
activators like the MLL complex [66]. In agreement with other studies [17] we 
describe an interaction between TRIB3 and CTNNB1/-catenin (Fig. 5) and also report 
upregulation of TCF7L2-mediated transcription upon ablation of Trib3 (Figure 7E). 
Together, these findings suggest that TRIB3 may negatively regulate Wnt signaling 
in adipocytes, for example through recruiting aforementioned repressor proteins 
or preventing CTNNB1//-catenin from entering the nucleus. Such a model, in which 
reduction of TRIB3 stimulates Wnt signaling requires additional experimental studies, 
especially since Wnt activity impairs adipogenesis [10, 49] and TRIB3 has been 
described as a positive regulator of Wnt signaling in various cancer types [17, 47, 48].  

Smaller adipocytes, as observed here in Trib3 KO mice, have been associated with 
insulin sensitivity [61-63], and in fact, numerous therapeutic approaches have been 
used in the past to increase adipocyte proliferation in order to increase the number 
of small adipocytes [67]. While this suggests that targeting TRIB3 in adipocytes for 
degradation may represent a rational therapeutic approach, it should be noted that 
drug targeting of Tribbles and specifically TRIB3 represents a chimera, as discussed 
elsewhere [15, 68, 69]. Furthermore, it should be noted that adipocyte-specific 
targeting of TRIB3 may be required and that the role of TRIB3 in for example AT 
resident immune cells, which can also affect adipocyte size and functionality [70], 
has not been addressed directly yet. While the current study supports the view that 
TRIB3 is a critical regulator of adipocyte proliferation, homeostasis and function, 
future studies are clearly needed to address its therapeutic potential.

FFiigguurree 88.. SScchheemmaattiicc rreepprreesseennttaattiioonn ooff eeffffeeccttss ooff TTrriibb33 oovveerreexxpprreessssiioonn iinn aaddiippooccyytteess..

A

Figure 8: Schematic representation of effects of TRIB3 overexpression in adipocytes.
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Supplementary figures

Suppl. Figure 1. Trib3 genotyping results. Result example to assess the genotype of mice from the 
Trib3KO strain. As it is shown, a single band at 381bp corresponds to the mutant allele (Trib3 with the 
gene-trap vector inserted – Trib3KO), while the band at 483bp corresponds to the Trib3WT allele. The 
presence of both bands indicates heterozygosis (Trib3HET). The gel also includes positive and negative 
controls to ensure the reliability of the PCR.

Suppl. Figure 2. correlations between TRIB3 expression in mouse white adipose tissue (WAT) and 
bodyweight, leptin levels and non-abdominal fat from an F2 intercross study (BHF2 population).
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Suppl. Figure 3. MRI analysis of individual depots. Quantification of adipose area per slice within 
the different coronal regions, distinguishing between Subcutaneous (left, inguinal + dorsolumbar) and 
visceral (right, epidydimal + mesenteric + perirenal) depots.

Suppl. Figure 4. Trib3 KD in 3T3-L1. (A) Trib3 protein levels in 3T3-L1 cells scramble control and sh-Trib3 
cells. (B) Oil red O staining of sh-Scramble control and sh-Trib3 cells. (C) mRNA expression of Trib3, Fabp4 
and Pparg in sh-Scramble and sh-Trib3 3T3-L1 cells.

Suppl. Figure 5. mRNA levels of Trib3, Pparg, Lpl and Fabp4 in ex-vivo differentiated WAT from 
WT and Trib3KO mice.
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Suppl. Table 1. Top altered and significant canonical pathways identified by IPA.
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Highlights

•	 FHL2 is expressed in pre-adipocytes and is downregulated during the early stages 
of adipocyte differentiation.

•	 FHL2 interacts with NFAT5 to refrain pre-adipocytes from differentiating towards 
mature adipocytes.

•	 FHL2 shows an important role at the intersection of mesenchymal stem cell 
differentiation, tilting this cellular process towards myoblast, osteoblast or 
adipocyte formation.

Abstract

The LIM-domain-only protein FHL2 is a modulator of signal transduction and 
has been shown to direct the differentiation of mesenchymal stem cells toward 
osteoblast and myocyte phenotypes. We hypothesized that FHL2 may simultaneously 
interfere with the induction of the adipocyte lineage. Therefore, we investigated the 
role of FHL2 in adipocyte differentiation. For these studies pre-adipocytes isolated 
from mouse adipose tissue and the 3T3-L1 (pre)adipocyte cell line were applied. 
We performed FHL2 gain of function and knockdown experiments followed by 
extensive RNAseq analyses and phenotypic characterization of the cells by oil-red O 
(ORO) lipid staining. Through affinity-purification mass spectrometry (AP-MS) novel 
FHL2 interacting proteins were identified. Here we report that FHL2 is expressed in 
pre-adipocytes and for accurate adipocyte differentiation, this protein needs to be 
downregulated during the early stages of adipogenesis. More specifically, constitutive 
overexpression of FHL2 drastically inhibits adipocyte differentiation in 3T3-L1 cells, 
which was demonstrated by suppressed activation of the adipogenic gene expression 
program as shown by RNAseq analyses, and diminished lipid accumulation. Analysis 
of the protein-protein interactions mediating this repressive activity of FHL2 on 
adipogenesis revealed the interaction of FHL2 with the Nuclear factor of activated 
T-cells 5 (NFAT5). NFAT5 is an established inhibitor of adipocyte differentiation and 
its knockdown rescued the inhibitory effect of FHL2 overexpression on 3T3-L1 
differentiation, indicating that these proteins act cooperatively. We present a new 
regulatory function of FHL2 in early adipocyte differentiation and revealed that FHL2-
mediated inhibition of pre-adipocyte differentiation is dependent on its interaction 
with NFAT5. FHL2 expression increases with aging, which may affect mesenchymal 
stem cell differentiation, more specifically inhibit adipocyte differentiation.

Keywords: mesenchymal stem cell, FHL2, NFAT5, adipogenesis, aging

Abbreviation list

ADIPOQ	 adiponectin
CFD	 Adipsin 
AP-MS	 Affinity-purification mass spectrometry
AMPK	 AMP-Activated Protein Kinase 
C/EBPβ-LIP 	 CCAAT Enhancer Binding Protein Beta
CCR4-NOT 	� Carbon catabolite repression 4 (Ccr4)-negative on TATA-less  

(Not) Complex
CHOP	 C/EBP-Homologous Protein 10
CUGBP1	 CUG triplet repeat, RNA binding protein 1
DLK1/Pref1	 Delta Like Non-Canonical Notch Ligand 1 
DMIX1	 Differentiation mix
DMEM	 Dulbecco’s modified Eagle’s medium
FABF4	 Fatty acid-binding protein 4
GSEA	 Gene set enrichment analysis
HIF1A 	 Hypoxia inducible factor 1A
logCPM 	 Log2-counts per million
NFAT5	 Nuclear factor of activated T-cells 5
ORO	 Oil Red O 
Plin1	 Perilipin 1 
PPARγ 	 Peroxisome proliferating-activated receptor gamma 
TCEP  	 Tris (2-carboxyethyl) phosphine hydrochloride
TGFB1	 Transforming growth factor beta
Sh	 Short hairpin
SVF	 Stromal vascular fraction
WAT	 White adipose tissue
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in blood but also in WAT, pancreatic β-cells, and skeletal muscle FHL2 methylation 
and expression is increased with aging (13). In the current study, we hypothesized 
that FHL2 plays a pivotal role in adipocyte differentiation. Therefore, the main aim of 
this study was to unveil a potential role for FHL2 in adipogenesis. 

In two different models of adipogenesis ex vivo differentiated primary (pre)
adipocytes and 3T3-L1 (pre)adipocyte cell line), we observed downregulation 
of FHL2 expression at the early stages of in vitro differentiation. Based on loss-
of-function experiments (ex vivo differentiated FHL2-/- primary (pre)adipocytes) 
and overexpression experiments, we conclude that reducing FHL2 expression is 
essential for pre-adipocytes to undergo full differentiation into mature adipocytes. 
Considering that FHL2 exerts its biological functions through protein-protein 
interactions, we employed co-immunoprecipitation experiments followed by 
proteomics and identified the Nuclear factor of activated T-cells 5 (NFAT5) as a novel 
FHL2 interactor. NFAT5 has been reported to decrease adipocyte differentiation 
similarly to FHL2 (19, 20), and we show that FHL2 requires NFAT5 to exert its function. 
In conclusion, we demonstrated a crucial role of FHL2 in adipogenesis and propose 
that FHL2 is a determinant factor in early adipogenesis and cell lineage commitment. 

2.	 Materials and methods

2.1	 Animals and Stromal Vascular Fraction (SVF) isolation
All animal experiments were approved by the ethics committee of the Amsterdam 
University Medical Center, The Netherlands, and were performed following European 
directive 2010/63/EU guidelines (permit number DBC287). FHL2-deficient mice 
(FHL2-/-) were generated by R. Bassel-Duby (University of Texas Southwestern 
Medical Center, Dallas, TX) and were bred onto a C57BL/6 background for more 
than 11 generations. Male littermates of 11-week-old were used, and n refers to the 
number of single animals. Littermates from wild-type and FHL2-deficient genotype 
were randomly separated in ventilated cages with free access to water and food. 
The suffering of animals was minimized as much as possible. The isolation of pre-
adipocytes from the mouse SVF was performed as described previously (15). In short, 
excision of subcutaneous white adipose tissue depots was performed in WT and 
FHL2-/- mice, and the SVF was isolated to obtain pre-adipocytes for differentiation 
in vitro. The tissue was minced and digested in collagenase solution (1.5 mg/ml; 
Sigma-Aldrich; #C6885). After filtering and centrifuging, the pre-adipocytes were 
purified using a red blood cell lysis buffer (Roche; # 11814389001) and neutralized 
with Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher; #41965062) 

1.	 Introduction

Mesenchymal stem cells can differentiate into distinct cell types such as adipocytes, 
myocytes, chondrocytes, and osteoblasts (1). The transition of precursor cells into 
cells with a mature cellular phenotype is orchestrated by the intricate expression 
pattern of cell-type-specific factors (2). Adipocyte differentiation occurs through two 
main phases: the commitment phase, when mesenchymal stem cells commit to the 
adipocyte lineage, and the terminal differentiation phase, which results in a unique 
adipocyte-specific gene expression profile and eventually the accumulation of lipid 
droplets in the cell (3). The adipocyte differentiation program involves a cascade of 
transcriptional events that regulate the expression of key proteins to establish the 
mature adipocyte phenotype. One of the key factors in adipocyte differentiation is 
the nuclear receptor peroxisome proliferating-activated receptor gamma (PPARγ) (4). 
Recently, it has been demonstrated that especially white adipose tissue (WAT) shows 
an extensive and relatively early differential gene expression pattern in aging mice (5). 
In addition, it has been proposed that peripheral fat loss with aging in humans involves 
defects in adipogenesis in the subcutaneous WAT depot (6). Overall, the differentiation 
capacity of pre-adipocytes gradually deteriorates with increasing age (7, 8). The 
impaired pre-adipocyte differentiation has been linked to reduced levels of adipogenic 
factors such as C/EBP family members and PPARγ, but also to enhanced expression of 
for example AMP-Activated Protein Kinase (AMPK) and Delta Like Non-Canonical Notch 
Ligand 1 (DLK1/Pref1) (9, 10). Given that pre-adipocyte (dys)function is a determinant 
of several human metabolic diseases (11), it is relevant that new factors and pathways 
that play a significant role in adipogenesis are still being discovered (12).

Four-and-a-Half LIM domains protein 2 (FHL2) is a member of the FHL subfamily 
of LIM-only proteins and is expressed in a wide variety of cells and tissues (13). 
FHL2 is a component of numerous signal transduction pathways acting through 
protein-protein interactions, thereby fine-tuning cellular processes (14). Recently, we 
demonstrated a novel function for FHL2 in energy metabolism, and more specifically 
in WAT (15). Using the mouse diet-induced obesity model, we observed that FHL2 
deficiency in mice prevents weight gain, in part through enhanced browning of 
their WAT. FHL2 is also known to promote myoblast and osteoblast differentiation, 
through interaction with β-catenin and Wnt proteins, respectively (16-18). In the 
osteoblast study, it has been proposed that FHL2 deficiency may have an impact on 
adipocyte size, specifically in the bone marrow (16). However, a direct impact of FHL2 
on adipogenesis has not been studied so far. Methylation of the human FHL2 gene is 
one of the strongest epigenetic DNA marks to identify the age of an individual, and 
FHL2 methylation is associated with an increased expression of this gene. Not only 
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Libraries were prepared using Truseq RNA stranded polyA (Illumina) and sequenced 
on an Illumina nextseq2000 in paired-end 50 bp reads. Reads were subjected to 
quality control (FastQC, dupRadar), trimmed using Trimmomatic v0.39, and aligned 
to the genome using HISAT2 (v2.2.1) (24-26). Counts were obtained using HTSeq 
(v0.11.0) using the corresponding GTF. Statistical analyses were performed using the 
edgeR and limma/voom R packages. Count data were transformed to log2-counts 
per million (logCPM), normalized by applying the trimmed mean of M-values method 
and precision weighted using voom. Differential expression was assessed using an 
empirical Bayes moderated t-test within limma’s linear model framework including 
the precision weights estimated by voom. The resulting p values were corrected for 
multiple testing using the Benjamini-Hochberg false discovery rate. Genes were re-
annotated using biomaRt using the Ensembl genome databases. Geneset enrichment 
is performed with MSigDB genesets using CAMERA approach as implemented in 
limma (27), and applying the Geneset Enrichment Analysis (GSEA) tool. The resulting 
DEGs, expression plots, and geneset enrichment results are shown in an in-house 
made Shiny-app. The raw and processed RNA-seq data have been deposited in the 
Gene Expression Omnibus (GEO) database under accession number GSE200920. 

2.6	 Western blotting
Proteins from cultured cells were obtained using RIPA lysis buffer (150 mM NaCl, 50 
mM Tris pH 7.4, 1% IGEPAL-CA630, 0.5% sodium deoxycholate, 0.1% SDS and Roche 
cOmplete™ protease inhibitor cocktail). Concentration was calculated using the DC 
protein assay (BioRad; #5000111) to load equal amounts of sample into SDS-PAGE gels. 
After transferring to nitrocellulose membranes, these were blocked with 2% non-fat milk 
for 1 hour and incubated overnight at 4ºC with the corresponding primary antibody 
(Mouse anti-FHL2 - #MA1-40200 from ThermoFisher, Rabbit anti-NFAT5 - #ab3446 from 
Abcam, Rabbit anti-HA tag - #3724S from Cell Signaling, Mouse anti-c-Myc tag - #sc-40 
from Santa Cruz and Mouse anti-alpha-tubulin - #CLT9002 from Cedarlane as loading 
control). After washing the membranes, they were incubated with the appropriate 
HRP-conjugated secondary antibody at room temperature for 1 hour. Visualization of 
protein bands was done in ImageQuant 800 imager using SuperSignal West Pico PLUS 
Chemiluminescent Substrate (ThermoScientific #34579), and quantification of band 
intensity was possible using the ImageJ Gel Analysis software.

2.7	 Intracellular lipid staining and immunofluorescence staining
To stain lipid accumulation in 3T3-L1 cells, we used two different methods: Oil 
Red O (ORO) staining and HCS LipidTOX Deep Red Neutral Lipid Stain (Invitrogen; 
#H34477), both methods stain neutral lipids in cultured cells. For the ORO staining, 
cells were fixed for 20 minutes at room temperature using 4% formalin. Fixative was 

supplemented with 10% FBS and 1% penicillin-streptomycin. Finally, cells were 
centrifuged again and seeded in cell culture plates for differentiation. 

2.2	 3T3-L1 cell culture and pre-adipocyte differentiation
The 3T3-L1 cell line (ATCC: CL-173) was cultured in DMEM supplemented with 
10% FBS and 1% penicillin-streptomycin at 37ºC and 5% CO2. The protocol for pre-
adipocyte differentiation was performed as described elsewhere (21), and it was 
used for both 3T3-L1 and SVF pre-adipocyte differentiation. Cells were grown to 
confluency and after 2 days culture medium supplemented with differentiation mix 
1 (DMIX1) was added to the cells for 2 days (DMIX1 contains: 500 µM of isobutyl-1-
methylxanthine (IBMX), 1 µM of dexamethasone, and 170 nM of insulin). On day 4, 
DMIX1 was replaced by differentiation mix 2 (DMIX2; culture medium containing 170 
nM of insulin) and this was replaced regularly until day 8 of differentiation.

2.3	 Lentiviral transduction
Recombinant lentiviral particles encoding FHL2 with GFP tag (FHL2-GFP), only the 
GFP tag as control (CTRL-GFP), and two different constructs of shRNA targeting 
mouse NFAT5 (shNFAT5-1 target sequence is 5’- GCAGAACAACATCCCTGGAAT-3’ 
and, shNFAT5-2 target sequence is 5’- CCACCATGTTTCAGACACCAA-3’), as well as 
one without NFAT5 as control (shCTRL), were produced, concentrated, and titrated 
as described previously (22). Cells were seeded at 70-80% confluency and incubated 
with recombinant lentivirus for 24 hours. After 24 hours, the medium was refreshed, 
and cells were cultured using medium containing 1 µg/mL of the selection marker 
puromycin (for the GFP constructs) or 500 µg/mL of neomycin (for the shNFAT5 
constructs). After 3-10 days resistant cells were further expanded for experiments.

2.4	 RNA isolation and reverse transcription (RT)-qPCR
Total RNA isolation from cultured cells was performed using TRI Reagent® (Sigma 
Aldrich; #T9424). Then, cDNA was synthesized using iScript® cDNA Synthesis Kit (BioRad; 
#1708890). Quantitative PCR was carried out using a LightCycler 480 II PCR platform 
(Roche) with the correspondent pair of primers (sequences listed in Table S1) and 
SensiFAST SYBR No-ROX Kit (Bioline; #BIO-98050). Cycle quantification and amplification 
efficiency were calculated using the LinReg PCR software package (23) and Rplp0 and 
β-actin were used as housekeeping genes to normalize target gene expression. 

2.5	 RNA sequencing
Cells transduced with lentiviral particles and stably expressing CTRL-GFP or FHL2-GFP 
were differentiated for 2 days as described before. RNA isolation from these cultured 
cells was performed using TRI Reagent® according to the manufacturer’s protocol. 
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in buffer A (0,1% formic acid). After separation on a 30 cm pico-tip column (75 µm ID, 
New Objective) in-house packed with C-18 material (1.9 µm aquapur gold, dr. Maisch) 
using a 140 minute gradient (7% to 80% ACN, 0.1% FA), delivered by an easy-nLC 
1200 (Thermo), peptides were  electro-sprayed directly into a Orbitrap Eclipse Tribrid 
Mass Spectrometer (Thermo Scientific), that was run in DDA mode with a cycle time 
of 1 second, with the FAIMS compensation voltage (CV) switching between -45V and 
-65V. The full scan (400-1400 mass range) was performed at a resolution of 240,000. 
Ions reaching an intensity threshold of 10E4, were isolated by the quadrupole with 
na 0.8 Da window, fragmented with a HCD collision energy of 30% and measured in 
de Iontrap on rapid mode.

After splitting of the raw files into the two CV channels with Freestyle Software 
(Thermo), analysis of the raw data was performed with MaxQuant (1.6.3.4), using 
the Uniprot fasta file (UP000000589) of Mus musculus (taxonomy ID: 10090) (2020 
Jan 21). To determine proteins of interest, we performed a differential enrichment 
analysis. We filtered for proteins that were identified in at least two out of three of 
the replicates of one condition and background corrected and normalized the data 
by variance stabilizing transformation. We used a left-shifted Gaussian distribution 
to impute for missingness since our data presented a pattern of missingness not at 
random (MNAR). Finally, we performed a T-test with multiple testing correction using 
a Benjamini-Hochberg FDR approach set to 0.5%. The program used for the analyses 
was R [version 4.0.4] through R-Studio [version 1.5.64]. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange Consortium via 
the PRIDE partner repository with the dataset identifier PXD033974 (http://www.
ebi.ac.uk/pride). Then, differential enrichment analysis was created to identify those 
proteins that were over-enriched and selected those with at least a 2.5-fold change 
and adjusted p-value ≤ 0.05.

2.10	 Reporter assays
Transient transfection of HEK-293T cells with pcDNA3.1-Gal4DBD-NFAT5, pCMV-
HA-FHL2, and pCMV-HA-LIM0-2 (28), pGL3 reporter, and TK-Renilla luciferase 
was performed using Xtreme gene 9 DNA transfection reagent (Roche; #XTG9-
RO). Following incubation for 48 hours, cells were lysed and the Dual-Luciferase 
Reporter Assay System (Promega) was used to measure luciferase in a TriStar2 LB942 
Multimode Reader. Independent experiments were performed three times.

2.11	 BrdU proliferation assay
The proliferation of 3T3-L1 cells was determined using the BrdU cell proliferation 
ELISA (Roche; #11647229001) according to the manufacturer’s protocol. An equal 

removed and after washing again with PBS,  the 0.2% ORO solution was added to 
the wells and incubated for 30 minutes at room temperature. After this, cells were 
washed several times with distilled water. For quantification, the dye was eluted 
using 100% 2-propanol, and absorbance was measured at 510 nm in triplicate. For 
LipidTOX staining, cells were grown on gelatin-coated glass coverslips and fixated as 
described before. Then, coverslips were incubated with LipidTOX (1:150 dilution) and 
DAPI nuclear staining (1:1000) for 30 minutes at room temperature. After washing, 
coverslips were mounted on slides and imaged. For immunofluorescence, cells were 
cultured on gelatin-coated glass coverslips for differentiation. On different days 
of differentiation, cells were fixed in 4% paraformaldehyde (Roth) for 20 minutes 
at room temperature. After the addition of 0.5% Triton X-100 for 5 minutes to 
permeabilize the nuclei, samples were blocked with 2% BSA and incubated with 
primary antibody (Rabbit anti-NFAT5 - #ab3446 from Abcam) and DAPI nuclear 
staining. Then, following washing and incubation with secondary (Alexa-488 goat 
anti-Rabbit) the samples were mounted in slides for imaging using a Nikon ECLIPSE 
Ti microscope with standard DAPI, GFP, and mCherry filter cubes. Images were 
processed using ImageJ Gel Analysis software.

2.8	 Co-immunoprecipitation
HEK-293T cells were co-transfected with HA-tagged FHL2 and myc-tagged NFAT5 
plasmids using the CalPhos Mammalian Transfection Kit (Takara; #631312) and 
incubated for 48 hours. For the LIM mutants, plasmids encoding different numbers of 
FHL2 LIM-domains (HA-tagged LIM0-1, LIM0-2, and LIM0-3) (28) were co-transfected 
together with myc-tagged NFAT5. Then, protein lysates were obtained using NP-40 
lysis buffer (1% (v/v) Nonidet P-40, 50 mM Tris-HCl, 100 mM NaCl, 10% (v/v) glycerol) 
supplemented with protease and phosphatase inhibitors. After calculating protein 
concentration, lysates were incubated with pull-down antibody (Rabbit anti-HA 
tag - #3724S from Cell Signaling) overnight at 4ºC. The next day, the complex was 
incubated for 2 hours with magnetic Dynabeads® Protein G (ThermoFisher; #10003D). 
Immunoprecipitates were then washed and eluted from the beads and analyzed by 
western blotting.

2.9	 Mass spectrometry
Precipitated proteins were denatured and alkylated in 50 µl 8 M Urea, 1 M ammonium 
bicarbonate (ABC) containing 10 mM TCEP (tris (2-carboxyethyl) phosphine 
hydrochloride) and 40 mM 2-chloro-acetamide. After 4-fold dilution with 1 M ABC 
and digestion with trypsin (250 ng/200 µl), peptides were separated from the beads 
and desalted with homemade C-18 stage tips (3 M, St Paul, MN), eluted with 80% 
Acetonitrile (ACN) and, after evaporation of the solvent in the speedvac, redissolved 
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Figure 1. FHL2 expression in mouse adipose tissue fractions and 3T3-L1 adipocyte differentiation.  
A) Relative mRNA expression of FHL2 in pre-adipocytes from the SVF and in mature adipocytes. B and 
C) Relative mRNA expression of PPARγ, ADIPOQ, FABP4, and FHL2 during 8 days of differentiation of 
3T3-L1 cells, where cells were cultured to confluency before receiving 2 days of treatment with DMIX1 
and later maintained with DMIX2 until day 8 (section 2.2). D) Western blot to reveal FHL2 protein 
expression during 3T3-L1 differentiation (β-actin used as loading control). E) FHL2 protein expression 
in cells treated with Dexamethasone (1 µM), IBMX (500 µM), Insulin (170 nM), or full differentiation mix 
(DMIX1) for 2 days before protein harvest. Data are indicated as mean ± SEM (*p<0,05).

3.2	 FHL2 overexpression inhibits adipocyte differentiation
To study the role of FHL2 in adipocyte differentiation in more detail, we used full-body 
FHL2-deficient mice and their wild-type littermates as control, FHL2-/- and WT mice; 
to isolate the pre-adipocytes from WAT and induce differentiation towards mature 
adipocytes. Similar to 3T3-L1 cells (Fig. 1 C and D), FHL2 expression is downregulated 
at day 2 in WT pre-adipocytes during differentiation (Fig. 2A), but we did not find 
any difference in adipocyte differentiation between WT and FHL2-/- pre-adipocytes 
based on the expression of the aforementioned adipocyte markers PPARγ, ADIPOQ, 
and FABP4 (Fig. 2B) nor lipid accumulation (data not shown). Therefore, we conclude 
that FHL2 deficiency does not alter the overall adipogenic capacity of mouse pre-
adipocytes. However, given the transient and dramatic decline in FHL2 expression 
during early differentiation, we hypothesized that this reduction of FHL2 levels 
may present an essential step in adipogenesis. To investigate this, we constitutively 
overexpressed GFP-tagged FHL2 or GFP through stable lentiviral transduction in 3T3-
L1 cells (Fig. 2C, Fig. S1A). Next, these cell lines were subjected to the differentiation 
protocol and we observed that cells constitutively expressing FHL2-GFP did not 
differentiate properly, based on reduced intracellular lipid accumulation using 

number of cells stably overexpressing CTRL-GFP or FHL2-GFP were labeled with BrdU 
for 2 hours. After fixation, samples were incubated with a peroxidase-conjugated 
anti-BrdU antibody. Next, samples were washed and incubated with the substrate 
solution for color development. The reaction was stopped after 10-20 minutes, and 
absorbance was measured at 450 nm.

2.12	 Statistical analysis
Statistical analyses were performed using GraphPad Prism software. Data are 
presented as mean ±SEM. P-values were calculated using Student’s t-test, or two-way 
ANOVA with Tukey’s posthoc correction if data were normally distributed. A p-value 
< 0.05 was considered statistically significant.

3.	 Results

3.1	 FHL2 is expressed in WAT and expression is regulated during 
early differentiation of 3T3-L1 cells
To examine the expression of FHL2 in the different cell types in adipose tissue, 
subcutaneous WAT from wild-type C57BL/6 mice was separated into mature 
adipocytes and the stromal vascular fraction (SVF); the latter fraction contains 
immune cells, endothelial cells, and pre-adipocytes. FHL2 mRNA is expressed in 
both SVF (containing pre-adipocytes) and in the mature adipocyte fraction, with 
the highest expression in SVF (Fig. 1A). Therefore, we hypothesized that FHL2 
expression might be regulated during adipocyte differentiation. To address this in 
an independent experimental model, we applied the 3T3-L1 cell line, a standard 
model to study adipogenesis (29, 30). Cells were differentiated for 8 days using 
standard hormonal cocktails and we confirmed a successful differentiation based 
on the expression of key adipogenic markers such as PPARγ and its target genes 
adiponectin (ADIPOQ) and fatty acid-binding protein 4 (FABP4) (Fig. 1B). During 
differentiation, FHL2 is transiently downregulated at day 2 of differentiation both at 
the mRNA and protein level (Fig. 1C-D), this being the moment that the adipogenic 
cocktail (here named differentiation mix or DMIX1) is added to trigger the initiation 
of adipocyte differentiation. Based on this observation, we decided to dissect which 
specific component of the DMIX1 causes this regulation of FHL2 expression. 3T3-L1 
cells were incubated with separate components of the mix and we demonstrated 
that IBMX, which enhances intracellular cAMP levels, causes the decrease in FHL2 
expression, whereas dexamethasone and insulin do not affect FHL2 expression (Fig. 
1E). In conclusion, FHL2 is expressed in pre-adipocytes and is downregulated in the 
early stages of in vitro pre-adipocyte differentiation.
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3.3	 FHL2 overexpression alters gene transcription in early 
differentiation 
Given that FHL2 overexpression effectively represses differentiation, we next aimed 
to assess the effect of elevated FHL2 levels on the transcriptome of 3T3-L1 cells 
during the early stages of differentiation.  We performed RNAseq transcriptomic 
analysis of confluent cell cultures before (day 0) and two days after the addition of 
the adipocyte differentiation cocktail necessary to start differentiation (DMIX1; Fig. 
3A).  The largest difference in terms of the number of differentially expressed genes 
between cells expressing FHL2-GFP and control cells (CTRL-GFP) was found on day 
2 when 473 genes are significantly upregulated and 651 genes are downregulated. 
In contrast, 141 and 274 genes were found to be significantly up- and down-
regulated at day 0, respectively (Fig. 3B), indicating that the main effect of FHL2 at 
the transcriptional level occurred after 2 days of differentiation. In Fig. 3C-D, volcano 
plots with several genes are indicated as the top differentially expressed genes in 
FHL2-GFP cells. At day 2, the top downregulated genes include well-established 
adipogenesis marker genes including the Pparγ target genes Adipoq, Perilipin 1 
(Plin1), and Adipsin (Cfd), confirming the inhibition of adipogenesis upon FHL2 
overexpression (Fig. 2). Extensive pathway analyses (Fig. 3E, Fig. S2A-B) revealed 
that adipogenic pathways, as well as other pathways that have been described 
to participate in adipocyte differentiation or lineage commitment, such as HIF1A 
targets and Response to TGFB1 (32, 33), are downregulated upon constitutive FHL2 
expression during differentiation. A heatmap of genes involved in adipogenesis 
illustrates the repressive effect of FHL2 on the expression of these genes (Fig. 3F). 
Detailed gene set enrichment analysis (GSEA) of these data further illustrate these 
findings (Fig. 3G). These transcriptomic data strongly support our finding that 
constitutive FHL2 expression results in inhibition of early adipocyte differentiation.

3.4	 FHL2 interacts with the nuclear factor of activated T-cells 5 
(NFAT5) in 3T3-L1 cells
As FHL2 does not bind DNA by itself but modulates gene transcription through 
interaction with transcription factors (34), we wished to identify with which proteins 
FHL2 interacts to inhibit adipogenesis. We applied GFP-mediated affinity-purification 
mass spectrometry (AP-MS) to identify FHL2 interactors in 3T3-L1 cells, using an 
optimized technique (35), with GFP overexpressing cells as a control. Using this 
approach, we identified 51 significant interactors, some of which are shown in 
Table S2, for FHL2 in 3T3-L1 cells. In Fig. 4A the results are presented in a volcano 
plot with the most significant interactors indicated. The presence of FHL2 among 
this set of proteins confirms the specificity of this approach. Among the most 
significant interacting protein, we detected the nuclear factor of activated T-cells 5 

LipidTOX staining after 5 days (Fig. 2D) and by Oil Red O lipid staining followed by 
quantification (Fig. S1B). Moreover, mRNA analyses showed that even though the 
early adipogenic marker CEBPβ is not different between groups, the expression of the 
late adipogenic markers PPARγ, ADIPOQ, and FABP4 is drastically inhibited in FHL2-
GFP cells (Fig. 2E). Since cell differentiation often antagonizes cell proliferation (31), 
we evaluated whether FHL2 overexpression affects cell proliferation in these cells, 
but we did not observe any difference between GFP and FHL2-GFP cells (Fig. S1C). 
These experiments established that whereas lack of FHL2 has no apparent effect on 
adipocyte differentiation, constitutive expression of FHL2 prevents differentiation of 
pre-adipocytes into mature adipocytes.  keeping them in an immature state.

Figure 2. FHL2 overexpression inhibits the differentiation of pre-adipocytes. A) Relative mRNA 
expression of FHL2 during differentiation of pre-adipocytes derived from WT (n=3) and FHL2-/- (n=3) 
mice. B) Relative mRNA expression of PPARγ, ADIPOQ, and FABP4 at days 0 and 8 of differentiation of WT 
and FHL2-/- pre-adipocytes. C) Western blot to visualize protein expression of endogenous FHL2 and 
overexpressed FHL2-GFP in 3T3-L1 cells (tubulin used as loading control). D) Intracellular lipids (red) and 
nuclear DAPI (blue) staining of CTRL-GFP and FHL2-GFP 3T3-L1 cells at days 0 and 5 of differentiation. 
E) Relative mRNA expression of CEBPβ, PPARγ, ADIPOQ, and FABP4 during 8 days of differentiation of 
CTRL-GFP and FHL2-GFP cells. Data are indicated as mean ± SEM (*p<0,05).
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(NFAT5), a transcription factor previously implicated in adipogenesis (19, 20, 36), 
and eight members of the carbon catabolite repression 4 (Ccr4)-negative on TATA-
less (Not) complex, referred to as the CCR4-NOT or CNOT complex, a large, highly 
conserved, multifunctional assembly of proteins that is predominantly involved 
in the regulation of mRNA stability (37, 38). As NFAT5 has been shown to inhibit 
adipocyte differentiation and WAT browning (19, 20, 36), reminiscent of the function 
of FHL2 in adipocytes as presented in the current study and our previous study 
(15), we decided to focus on the interaction between FHL2 and NFAT5. First, we 
assessed the expression pattern of NFAT5 during adipocyte differentiation in more 
detail and examined whether its expression was altered upon overexpression of 
FHL2. NFAT5 shows a similar downregulation of expression at day 2 as FHL2, and 
overexpression of FHL2-GFP does not alter NFAT5 expression (Fig. 4B). To confirm 
the interaction observed in the AP-MS experiments between FHL2 and NFAT5, co-
immunoprecipitation was performed for HA-tagged FHL2 and Myc-tagged NFAT5 
(Fig. 4C). It is worth to mention that for this experiment same amount of DNA and cells 
was used across the different conditions, but the result shows enhanced expression 
levels of FHL2-HA and NFAT5-Myc when co-expressed, which suggests some degree 
of protein stabilization. Moreover, in this experiment three different mutants 
of FHL2 were included in which one or more LIM domains are missing; LIM0-1,  
LIM0-2, and LIM0-3. We observed that the LIM mutant lacking the last LIM domain 
(LIM0-3) was the only mutant, in addition to full-length FHL2, interacting with NFAT5 
albeit to a lesser extent (Fig. 4D). 

> Figure 3. Transcriptional changes in FHL2-GFP and control 3T3-L1 cells. A) Experimental setup 
scheme. B) Venn diagram of differentially expressed genes of FHL2-GFP vs CTRL-GFP comparison at days 
0 and 2 of differentiation (p-value < 0.05). Upregulated genes in red and downregulated genes in blue.  
C) Volcano plot of RNAseq at day 0 and D) day 2 of differentiation (FHL2-GFP vs CTRL-GFP). E) Top up- and 
down-regulated pathways in FHL2-GFP cells at day 2 of differentiation.  F) Heatmap depicting the gene 
expression pattern of the Adipogenesis pathway at day 2 in CTRL-GFP and FHL2-GFP cells. G) Significant 
GSEA Enrichment Score curves (in green) from two adipogenic pathways: Adipogenesis activated by 
PPARG (GSEA: C2_M1645) and Adipogenic genes repressed by SIRT1 (GSEA: C2_M2183). Genes on the 
far left (red) correlated with FHL2-GFP cells, and genes on the far right (blue) correlated with CTRL-GFP 
cells. The vertical black lines indicate the position of each gene in the studied gene set. The normalized 
enrichment score (NES), false discover rate (FDR), and nominal p-value are shown for each pathway.
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Given that NFAT5 is a transcription factor, we assessed whether the interaction 
between FHL2 and NFAT5 affects the transcriptional activity of NFAT5. First, we 
performed immunofluorescence staining for FHL2 and NFAT5 in 3T3-L1 cells and 
demonstrated that FHL2 is localized throughout the cell and that both proteins co-
localize in the nucleus (Fig. 4E). As NFAT proteins are widely expressed (39), we next 
employed a Gal4-reporter assay to perform transcriptional activity assays, to avoid 
interference of endogenous NFAT proteins. Fusion of the Gal4 DNA-binding domain 
to NFAT5 resulted in a protein that activates a Gal4-luciferase reporter. The activity 
of Gal4-NFAT5 is reduced upon overexpression of FHL2, but not when the LIM0-2 
variant of FHL2, which fails to interact with NFAT5 (Fig. 4D), was used (Fig. 4F). These 
data confirm that the interaction between NFAT5 and full-length FHL2 is functional.

3.5	 FHL2 inhibition of adipocyte differentiation involves 
cooperation with NFAT5
Lee et al. (20) demonstrated that NFAT5 inhibits adipogenesis by blocking the 
expression of the PPARγ gene, similar to what FHL2 does after overexpression during 
differentiation. As both FHL2 (Fig. 2) and NFAT5 (19, 20) inhibit adipogenesis, and 
because these proteins functionally interact (Fig. 4), we considered that FHL2 and 
NFAT5 operate through a common cellular pathway. To examine this, we knocked 
down NFAT5 expression in CTRL-GFP and FHL2-GFP overexpressing cells using 
two different short-hairpin constructs (shNFAT5-1 and shNFAT5-2), resulting in 
approximately 40% knockdown of NFAT5 compared to the corresponding control 
(shCTRL)  (Fig. 5A). We first confirmed that this level of inhibition of NFAT5 expression 
in 3T3-L1 cells leads to enhanced adipogenesis, as illustrated by the strong 
upregulation of FABP4 expression (Fig. 5B) (20). While FABP4 expression is inhibited 
in FHL2 overexpressing cells (Fig. 2E), simultaneous knockdown of NFAT5 resulted in 
a rescue of FABP4 expression for both short hairpins on both the mRNA and protein 
level (Fig. 5B-C and Fig. S4). Other differentiation markers (ADIPOQ and PPARγ) gave 
comparable results, with some variation between the two short hairpins used (Fig. 
S3A-B, Fig.S4 and Fig. 5C). To underscore the recovery of the FHL2-mediated inhibition 
of adipogenesis by reducing NFAT5 expression, we performed an intracellular lipid 
staining showing that FHL2 overexpression inhibits lipid loading of the cells unless 
NFAT5 expression is knocked down (Fig. 5D). Overall, these experiments support 
the conclusion that inhibition of adipogenesis in FHL2 overexpressing cells involves 
its interaction with NFAT5. In the absence of NFAT5, FHL2 can no longer inhibit 
PPARγ expression, and thus no longer affect the differentiation of 3T3-L1 cells. In 
conclusion, our data support a model where downregulation of the FHL2-NFAT5 
pathway presents an essential step in early adipogenesis (Fig. 6).

Figure 4. NFAT5 and FHL2 interact in 3T3-L1 cells. A) Volcano plot showing FHL2-GFP interacting 
proteins detected in the AP-MS experiment, compared to the GFP control results in 3T3-L1 cells.  
B) Relative mRNA expression of NFAT5 during 8 days of differentiation in CTRL-GFP and FHL2-GFP 3T3-L1 
cells. C) Co-immunoprecipitation assay of FHL2-HA and NFAT5-myc in HEK-293T cells. Equal number of 
cells were transfected using the same amount of DNA through all conditions. D) Co-immunoprecipitation 
assay of LIM mutants (LIM0-1, LIM0-2, and LIM0-3) and NFAT5-Myc in HEK-293T cells. E) Fluorescence 
of FHL2-GFP (green), and immunofluorescence of NFAT5 (red), merged with nuclear DAPI (blue) in 
confluent 3T3-L1 cells. F) Gal4-reporter assay of NFAT5-Gal4DBD, FHL2, and LIM mutants LIM0-2. Data 
normalized using Renilla luciferase.  Data are indicated as mean ± SEM (*p<0,05).
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Figure 6. The FHL2-NFAT5 pathway in early adipocyte differentiation. Summary of the proposed 
mechanism by which FHL2 overexpression inhibits adipocyte differentiation through complex formation 
with NFAT5. Downregulation of FHL2 in early adipogenesis is an essential step in the differentiation 
process. Created with BioRender.com.  
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Figure 5. FHL2 overexpression inhibits adipogenesis through interaction with NFAT5. A) Relative 
mRNA expression of NFAT5 in CTRL-GFP and FHL2-GFP cells that were transduced with shCTRL or two 
different short hairpins for NFAT5 (shNFAT5-1 and shNFAT5-2). B) Relative mRNA expression of FABP4 in 
CTRL-GFP and FHL2-GFP transduced with shCTRL, shNFAT5-1, or shNFAT5-2. C) Western blot of FABP4, 
Adiponectin, and Tubulin in FHL2-GFP transduced with shCTRL, shNFAT5-1, or shNFAT5-2 cells during 
8 days of differentiation. D) Immunofluorescence staining of intracellular lipids (red) and nuclear DAPI 
(blue) in differentiated cells. Data are indicated as mean ± SEM (*p<0,05).
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protein interactions, we investigated the interactome of FHL2 in 3T3-L1 cells using a 
mass spectrometry method and identified NFAT5. This protein is part of the Rel family 
of transcription factors and is also known as a ‘tonicity-responsive enhancer-binding 
protein’ because it is involved in the cellular response to hypertonic stress (43). NFAT5 
also has a function in the immune response, especially in T cells and macrophages 
(44). However, what made us particularly interested in this interaction partner, is 
its role in adipogenesis and adipose tissue (19, 20, 36). In 3T3-L1 cells, NFAT5 has 
been reported to bind to the PPARγ promoter and block PPARγ expression (20). 
In addition, the reduction of NFAT5 expression promotes a faster activation of the 
adipogenic program, whereas its overexpression inhibits adipogenesis (19, 20). This 
analogous behavior of NFAT5-overexpressing cells and FHL2-overexpressing cells is 
the main reason to hypothesize that FHL2 indeed inhibits adipocyte differentiation 
through its interaction with NFAT5. We confirmed the interaction of NFAT5 with 
FHL2 by co-immunoprecipitation and recovered adipocyte differentiation in 
overexpressing FHL2 cells by reducing NFAT5 expression. Previously, hypertonicity 
has been reported as a relevant process in lipid accumulation in 3T3-L1 cells, we 
may therefore speculate that the FHL2-NFAT5 complex modulates hypertonic stress 
in pre-adipocytes (45). Another finding that puts forward interesting aspects to be 
studied further, is our finding that the FHL2 pull-down in 3T3-L1 cells contains eight 
members of the CNOT complex, which strongly suggests that FHL2 participates in 
this complex. Given that FHL2 is known to interact with several nuclear receptors, 
among which ERα, it is of interest to mention that direct interaction of CNOT1 with 
the nuclear receptors ERα and RXR has been reported (46). Even more relevant for 
the current study, the CNOT complex is necessary for a correct adipocyte phenotype 
in mouse adipose tissue, as well as for appropriate differentiation of 3T3-L1 cells 
(47-49). We wish to propose that it is very likely that the binding of FHL2 with the 
CNOT complex, with NFAT5, and other factors identified in our pull-down screen, 
also occurs in other cellular systems undergoing differentiation (16, 18). Of note, 
the interaction between FHL2 and NFAT5, as well as with CNOT-elements has been 
reported before in the study by Huttlin et al, which concerns a protein interaction 
network study in T293 and HCT116 cells (50). The current study now demonstrates 
a functional interaction between FHL2 and NFAT5 in adipogenesis, and it will be of 
interest to assess the relative contribution of this specific protein-protein interaction 
in other cellular processes.

4.1	 Conclusion
FHL2 is expressed in pre-adipocytes where it refrains the cells from differentiating 
towards mature adipocytes through its interaction with NFAT5. Our data 
indicate that the expression of both proteins needs to be reduced to initiate the 

4.	 Discussion

Pre-adipocyte differentiation is a highly-regulated and complex process requiring the 
sequential expression of a considerable number of proteins, ultimately resulting in the 
generation of mature adipocytes. The expression of crucial proteins occurs in a specific 
chronological order during the distinct stages of adipogenesis with for example the 
transcription factor CEBPβ playing a crucial role during the early stages, while PPARγ 
is a key player at later stages (40). Furthermore, multiple proteins have been identified 
to inhibit adipogenesis, like AMPK,  C/EBPβ-LIP, CHOP, and CUGBP1 (6, 9, 10). Any 
alteration in this intricately regulated gene expression profile affects the formation 
of mature adipocytes, either promoting or inhibiting appropriate differentiation (9, 
10, 41, 42). In the current study, we discovered that the multifaceted protein FHL2 is 
transiently downregulated during the early stages of adipocyte differentiation, which 
is essential to achieving full differentiation. More specifically, we demonstrated that 
FHL2 expression is downregulated in two distinct adipocyte differentiation systems; in 
pre-adipocytes isolated from the SVF of mouse WAT, as well as in the 3T3-L1 cell line. 
The latter cell line is an extensively used model to study adipogenesis where cells are 
already committed to some extent to the adipocyte lineage (3). 

We found that one of the components of the differentiation cocktail, IBMX, is 
sufficient to incite downregulation of FHL2 expression, indicating that increased 
intracellular cAMP inhibits the expression of FHL2 in pre-adipocytes. Further studies 
are required to identify the physiological stimulus triggering an intracellular cAMP 
increase in pre-adipocytes and to clarify which specific cAMP-dependent factor(s) or 
pathways trigger downregulation of FHL2 expression, both in cellular differentiation 
assays and in vivo. To substantiate that the decrease in FHL2 expression is essential for 
adipogenesis, we constitutively overexpressed FHL2, resulting in a complete block of 
the differentiation process. In line with the crucial downregulation of FHL2 expression 
to allow adipocyte differentiation, we demonstrated that the differentiation of pre-
adipocytes derived from FHL2-deficient mice occurs normally. It is important to 
mention that FHL2 has a function in mature WAT, as we demonstrated recently (15). 
More specifically, in mice FHL2 regulates the ‘browning’ of WAT, thereby affecting the 
energy expenditure of this tissue, which may contribute to the extent of weight gain 
of the mice when exposed to a high-fat diet (15). Furthermore, also in humans, the 
expression level of FHL2 in WAT is associated with ‘browning’ genes.  

Upon constitutive expression of FHL2, the adipogenic program involving the 
expression of PPARγ and its target genes ADIPOQ and FABP4 is blunted, as well as the 
final lipid loading of the cells. Taking into account that FHL2 acts through protein-
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adipogenic program. Based on the present findings, we can firstly add FHL2 to 
the list of factors requiring timely regulation of expression to facilitate accurate 
adipocyte differentiation (3, 51, 52) and, secondly add adipocytes to the list of 
cells in which FHL2 plays an important role in differentiation (16, 18). Especially 
in elderly individuals, FHL2 expression in WAT is increased, which may interfere 
with appropriate adipogenesis and subsequent peripheral fat loss with aging. 
Finally, whereas FHL2 has been described to promote differentiation of myoblasts 
and osteoblasts (16, 18), we now demonstrated that FHL2 plays the opposite role 
in pre-adipocytes. Given that these cells are all derived from mesenchymal stem 
cells, this poses FHL2 at the intersection of these two distinct cellular processes, 
tilting the balance towards osteoblasts, whereas its downregulation facilitates  
pre-adipocyte formation (53).
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Table S1. List of primers used in RT-qPCR.

Mouse primers Forward (5’-3’) Reverse (5’-3’) 

Actb (β-actin) AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA 

Adipoq ACTGCAACATTCCGGGACTC GAGGCCTGGTCCACATTCTT 

Cebpb CAACCTGGAGACGCAGCACAAG GCTTGAACAAGTTCCGCAGGGT 

Fabp4 AACTGGGCGTGGAATTCGAT CCACCAGCTTGTCACCATCT 

Fhl2 TCACAGCACGGGATGAGTTTC GTGCCACCCAGACCACTAATG 

Nfat5 AAGCAGCCACCACCAAACATGA AAATTGCATGGGCTGCTGCT 

Pparg CTCCTGTTGACCCAGAGCAT AATGCGAGTGGTCTTCCATC 

Rplp0 GGACCCGAGAAGACCTCCTT GCACATCACTCAGAATTTCAATGG 

 

Table S2. Top significant interactors from the AP-MS experiment (FHL2-GFP vs. CTRL-GFP 3T3-L1 cells).

Gene names Protein names -log10 (p-value) 

Cnot3 CCR4-NOT transcription complex subunit 3 7,51 

Rqcd1 Cell differentiation protein RCD1 homolog 7,12 
Cnot10 CCR4-NOT transcription complex subunit 10 7,09 

Btg3 Protein BTG3 6,94 

Cnot2 CCR4-NOT transcription complex subunit 2 6,91 
Ccar1 Cell division cycle and apoptosis regulator protein 1 6,85 

Tnks1bp1 182 kDa tankyrase-1-binding protein 6,84 

Fhl2 Four and a half LIM domains protein 2 6,75 
Cnot11 CCR4-NOT transcription complex subunit 11 6,72 

Ahi1 Jouberin 6,45 

Rnf219 RING finger protein 219 6,38 
Cnot6l CCR4-NOT transcription complex subunit 6-like 6,25 

Mkl2 Myocardin-like protein 2 6,13 

Sh3d19 SH3 domain-containing protein 19 6,03 
Qrich1 Glutamine-rich protein 1 5,99 

Cnot8 CCR4-NOT transcription complex subunit 8 5,95 

Tob2 Protein Tob2 5,91 
Cyr61 Protein CYR61 5,50 

Nfat5 Nuclear factor of activated T-cells 5 5,34 

Patl1 Protein PAT1 homolog 1 5,31 
Tax1bp1 Tax1-binding protein 1 homolog 5,09 

Qser1 Glutamine And Serine Rich 1 5,09 

Banp Protein BANP 5,08 
Eya3 Eyes absent homolog 3 5,06 

Sp1 Transcription factor Sp1 4,84 

Amotl1 Angiomotin-like protein 1 4,78 
Cnot7 CCR4-NOT transcription complex subunit 7 4,62 

Tnks Tankyrase-1 4,57 

Ggnbp2 Gametogenetin-binding protein 2 4,57 
Hccs Cytochrome c-type heme lyase 4,48 

Srebf2 Sterol regulatory element-binding protein 2 4,37 

Jmjd1c Jumonji Domain Containing 1C 4,32 
Ep400 E1A-binding protein p400 4,05 
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Abstract

Aberrant expression or activity of proteins are amongst the best understood 
mechanisms that can drive cancer initiation and progression as well as therapy 
resistance. TRIB3, a member of the Tribbles family of pseudokinases, is often 
dysregulated in cancer and has been associated with breast cancer initiation 
and metastasis formation. However, the underlying mechanisms by which TRIB3 
contributes to these events are unclear. In this study, we demonstrated that TRIB3 
regulates expression of PPARg, a transcription factor that has gained attention as a 
potential drug target in breast cancer for its antiproliferative actions. Proteomics 
and phosphoproteomics analyses together with classical biochemical assays 
indicate that TRIB3 interferes with the MLL complex and reduces MLL-mediated 
H3K4 trimethylation of the PPARG locus, thereby reducing PPARg mRNA expression. 
Consequently, overexpression of TRIB3 blunts the antiproliferative effect of PPARg 
ligands in breast cancer cells, while reduced TRIB3 expression gives the opposite 
effect. In conclusion, our data implicate TRIB3 in epigenetic gene regulation and 
suggest that expression levels of this pseudokinase may serve as a predictor of 
successful experimental treatments with PPARg ligands in breast cancer.

Keywords: Tribbles; Breast cancer; PPARg, Epigenetics; MLL-WRAD complex

Introduction

Tribbles are a family of serine/threonine pseudokinases that play a critical role in 
multiple cellular processes, such as metabolism, cell cycle, proteasomal degradation 
and cellular differentiation [1-4]. The family consist of three members, TRIB1, -2 and -3 
and a more distantly related protein, serine/threonine kinase 40 (STK40)[5]. Tribbles 
have a well conserved structure consisting of a central pseudokinase domain that 
is flanked by an N- and C-Terminal domain [6]. In addition, while many structural 
features of canonical kinases including an N- and C- lobe structure and a DLK motif 
are conserved in Tribbles proteins, they are incapable of binding ATP and therefore 
incapable of catalyzing the transfer of a phospho group to their substrates because 
they lack the DFG motif [7]. Despite being pseudokinases, Tribbles have been shown 
to be able to regulate the phosphorylation status of certain proteins [8], they achieve 
this through binding to kinases or competing for substrates of active kinases [9]. 
Among the three members of the family, TRIB3 has drawn special attention in recent 
years for its ability to regulate gene transcription through binding of different 
transcription factors such as ATF4 and PPARg [10, 11] or members of the FOXO family 
of transcription factors [12]. In fact, we and others have recently shown that TRIB3 
localizes in the nucleus in breast cancer cells and that the N-terminal domain of TRIB3 
interacts with a number of transcription complexes, including the WRAD complex 
[13]. The WRAD complex is formed by WDR5, RBBP5, ASH2L and DPY30, and they 
are the core subunits of the MLL-WRAD complex, the most prominent epigenetic 
writer of Histone H3 lysine 4 (H3K4) methyl mark in mammalian cells [14, 15]. The 
different levels of H3K4 methylation (mono-, di-, tri-) have different effects but it is 
generally associated with active transcription [16]. The MLL-WRAD complex is formed 
by one catalytic subunit (KMT2A/MLL1, KMT2B/MLL2, KMT2C/MLL3, KMT2F/SET1A or 
KMT2G/SET1B) and four core subunits (WRAD complex). The interaction with the core 
subunits is essential for the methyltransferase activity of the whole complex as it has 
been shown that inhibition of any of the core subunits results in depletion of H3K4 
methylation [17, 18]. The WRAD complex is highly conserved from yeast to human, 
underpinning a fundamental role in eukaryotes cells. WRAD inhibitors are currently 
developed to treat cancers associated with MLL fusion proteins [19].

Finally, peroxisome proliferator activated receptor gamma (PPARg) is a member of the 
nuclear receptor superfamily of ligand activated transcription factors. Is considered 
the master regulator of adipocyte differentiation and function [20] and plays a pivotal 
role in the regulation of lipid metabolism in immune cell [21]. Nuclear receptors 
have been the target of therapies for a number of diseases including cancer since 
more than 40 years ago [22]. Nuclear receptors, specially PPARg, hold potential as key 
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factors for anti-cancer therapies as it functions as pro-differentiation factor reducing 
the proliferation capacity of tumorigenic cells [23, 24]. Previous studies have shown 
the capacity of PPARg to inhibit epithelial to mesenchymal transition in breast cancer 
cells, having beneficial effects in reducing metastasis formation and reducing the 
proliferative capacity of tumor cells [25, 26]. 

Breast cancer is one the three most common malignancies and, although mortality 
has declined steadily during the last decades, breast cancer is still causing 
around half a million deaths per year worldwide [27]. Breast cancer is a complex 
multifactorial disease influenced by genetic alterations, including the well-known 
BRCA1 and BRCA2 mutations, epigenetic alterations [28] and altered cellular 
metabolism, including altered mitochondrial function [29, 30], and environmental 
factors [28]. Interestingly, some of these processes may be interconnected, as for 
example cellular metabolism is linked to epigenetic regulation through the rate 
limiting production of cellular metabolites that are the donors for histone and DNA 
modifications [31, 32]. In addition, obesity has been shown to play pivotal role in the 
development of the disease and in the prognosis of the patients [33, 34]. Because of 
this, incidence and mortality are expected to rise in the near future [35, 36]. In this 
context, developing new therapies that can prevent and tackle breast cancer remains 
of capital importance.

In this study we describe TRIB3 as a regulator of PPARg expression in breast cancer 
cells, and we hypothesized that TRIB3 achieves this through binding to the WRAD 
complex and regulating H3K4me3 mark around the PPARg locus. 

Materials & methods

Materials

Cell culture
Human embryonic kidney cell line (HEK293T, ATCC CRL-3216, Manassas, VA, USA) and 
human breast cancer cells (MCF7, ATCC HTB-22) were maintained in high glucose 
(d-glucose, 4.5 g/L) Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 10% fetal bovine serum and 1% penicillin and streptomycin. Inducible TRIB3-
tGFP MCF7 cell line was generated using third-generation lentiviral constructs and 
described extensively previously [13]. TRIB3 knock down and control cell line in MCF7 
cells were described previously [37].

Western blotting
Western blotting was performed as described previously [38]. In short, samples were 
treated accordingly and protein samples were extracted in RIPA lysis buffer. Protein 
concentration was measured and samples were supplemented with Laemmli Sample 
Buffer and loaded into 10-15% acrylamide gels. Samples were separated by SDS-PAGE 
and transfer to PVDF membranes. Finally, Samples were blocked in 5% milk in TBS-T for 
45’. Primary antibody was incubated overnight at 4°C and secondary for 1h at RT. ECL 
solution was used to assess protein expression using a LAS4000 Image Quant.

RNA isolation and RT-qPCR
Total RNA form culturing cells was isolated using TRIzol reagent (Invitrogen). 
Then cDNA was generated using iSCRIPT cDNA synthesis kit (Biorad) following 
manufacture’s protocol. SYBR-green was used in Quantitative PCR and was performed 
using the MyIq cycler (Biorad). Primers used are described in Supplementary table 1.

RNA sequencing
Sh-TRIB3 and control MCF7 cells were seeded in 10-cm dishes and RNA was isolated 
using as described previously. Libraries were generated using Truseq RNA stranded 
polyA (Illumina) and samples were sequenced on an Illumina nextseq2000 in paired-
end 50 bp reads. Quality control was performed (FASTQC, dupRadar) and data was 
trimmed using Trimmomatic v0.39. Finally, samples were aligned to the genomes 
using HISAT2 (v.2.2.1) [39-41]. Using the appropriates GTFs counts were obtained 
using HTSeq (v0.11.0) and statistical analysis was performed using the edgeR and 
limma/voom R packages. Count data was transformed to log2-counts per million 
(logCPM) and the trimmed mean of M-values method was used for normalization 
of the data using voom. Differential expression was then assessed using limma’s 
linear model framework including the precision weights estimated by voom [42]. 
Benjamini-Hochberg false discovery rate was used to adjust the p-values generated. 
The in-house Shiny-app was used for DEGs, expression plots, gene-set enrichment 
results. The raw and processed RNA-seq data have been deposited in the Gene 
Expression Omnibus (GEO) database under accession number GSE212489.

Immunoprecipitation
HEK293T cells were used for Co-IP experiments and protocol have been described 
previously [13]. In short, TRIB3-GFP and mutants, FLAG-ASHL2, FLAG-DPY30, 
FLAG-WDR5, MYC-WDR5 and mutants, MLL-FLAG and mutants were used for co-
transfections using Xtreme-Gene 9 DNA Transfections Reagent (Roche) following 
manufacture’s protocol. Protein lysates were obtained as described previously, and 
samples were incubated for 2h with either GFP-Trap agarose beads (Chromotek) 
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or anti-FlagM2 magnetic beads (Invitrogen) and IP was performed following 
manufactures instructions. Samples were then eluted from the beads and analyzed 
by western blotting. 

Phosphoproteomics
Enrichment of phospho-peptides for SILAC labeling, MCF7 Trib3-KD cells or scramble 
control cells were cultured in high-glucose (10% dialyzed FBS (BioWest)) DMEM 
(Thermo) lacking lysine and arginine supplemented with Lys-0/Arg-0 or Lys-8/
Arg-10 (Silantes). Cells were lysed in 8 M Urea, 1M Ammonium-BiCarbonate (ABC) 
containing 10 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 40mM 
2-chloro-acetamide supplemented with protease inhibitors (Roche, complete EDTA-
free) and 1% (v/v) phosphatase inhibitor cocktails 2 and 3 (Sigma, Cat. No. P5726 
and Cat. No. P0044). After ultra-sonication, Heavy and light cell lysates were mixed 
1:1 and proteins (20mg total) were over-night in solution digested with trypsin 
(1:50) (Worthington). Peptides were desalted using SepPack columns (Waters) and 
eluted in 80% acetonitrile (ACN). To enrich for phospho-peptides, 200 mg Calcium 
Titanium Oxide (CaTiO3) powder (Alfa Aesar, 325 mesh) was equilibrated 3 times 
with binding solution (6% Acetic acid in 50% ACN pH=1 with HCl) after which the 
phospho-peptides were allowed to bind at 40 ˚C for 10 minutes on a shaker. After 6 
times centrifugation and washing, phospho-peptides were eluted twice with 200µl 
5% NH3. The peptides were dried using a SpeedVac and the dissolved in buffer A 
(0.1% FA) before loading on in-house made C18 stage-tips and divided with high PH 
elution into three fractions (100mM NH3/FA PH=10 in 5%, 10% or 50% ACN).

LC-MS/MS analysis
After elution from the stage tips, acetonitrile was removed using a SpeedVac and 
the remaining peptide solution was diluted with buffer A (0.1% FA) before loading. 
Peptides were separated on a 30 cm pico-tip column (75µm ID, New Objective) 
in-house packed with 1.9 µm aquapur gold C-18 material (dr. Maisch) using a 140  
minute gradient (7% to 80% ACN 0.1% FA), delivered by an easy-nLC 1200 (Thermo), 
and electro-sprayed directly into a Orbitrap Eclipse Tribrid Mass Spectrometer 
(Thermo Scientific). The latter was set in data dependent mode with a cycle time of 
1 second, in which the full scan over the 400-1400 mass range was performed at a 
resolution of 240K. The most intense ions (intensity threshold of 10000 ions, charge 
state 2-7) were isolated by the quadrupole with a 0.4 Da window and fragmented 
with a HCD collision energy of 30%. The maximum injection time of the ion trap 
was set to 35 milliseconds. Dynamic exclusion of 10 ppm was set on 30 seconds, 
including isotopes.   

Data analysis 
Raw files were analyzed with the Maxquant software version 1.6.3.4 (Cox and Mann, 
2008) with phosphorylation of serine threonine and tyrosine as well as oxidation 
of methionine set as variable modifications, and carbamidomethylation of cysteine 
set as fixed modification. The Human protein database of Uniprot (Jan. 2019) was 
searched with both the peptide as well as the protein false discovery rate set to 
1%. The SILAC quantification algorithm was used in combination with the ‘match 
between runs’ tool (option set at two minutes). Peptides were filtered for reverse hits 
and standard contaminants. Forward and Reverse ratios were plotted in R (www.r-
project.org). The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner repository (http://www.ebi.
ac.uk/pride) (data identifier: PXD036341)

Cell proliferation assay
Cell proliferation was assessed by Cell titer Aqueous Cell Proliferation assay (MTS) 
kit (Promega). In short, 10.000 cells were seeded in 96-well plates and treated with 
Rosiglitazone for at different concentrations for 24-48h. Then cell proliferation was 
assessed following manufacturer’s protocol.

H3K4me3 ELISA
Histone H3 (tri-methyl K4) Quantification Kit (abcam) was used to assess the levels 
of H3k4me3. Cells were culture and treated accordingly as described before, then 
acid extraction was performed following manufacturer’s instructions to extract intact 
histones form cells, Histone concentrations was assessed by Coomassie blue. ELISA 
was performed according to manufacturer’s protocol. 

ChIP followed by RT-qPCR
Chromatin immuno-precipitation of H3K4me3 was performed using EpiQuik-
Chromatin Imunoprecipitation kit (Epigentek). Cells were lysed and DNA was shear 
using sonication as described previously [43]. RT-qPCR was performed as described 
before, primers used for quantitative PCR are described in supplementary table 2, 
HSBC and USMC genes were used as positive control for genes with high level of 
H3K4me3 [44] and Negative control was also used. 

Chromatin bond protein extraction
Chromatin extracts were generated as follow; cells were grown in 15-cm dishes 
and trypsin was used for harvesting the cells. Cells were washed with ice-cold 
PBS and spined down for 5 min at 400g, this was repeated twice. Cells were then 
resuspended in 5 times in volume Buffer A (10mM HEPES KOH pH 7.9, 1.5mM MgCl2, 

http://www.ebi.ac.uk/pride
http://www.ebi.ac.uk/pride
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10mM KCl) and incubate for 10’ on ice. Then cells were centrifuged for 5’ at 400g, 
followed by resuspension in 2 times volume of Buffer A+ (Buffer A + 0.5 mM DTT, 
EDTA-free protease inhibitor cocktail and NP-40 0.15% final volume). Then samples 
were homogenized using a dounce homogenizer (4x 10 strokes with type B pestle). 
Samples were centrifuged for 15’ at 3200g at 4°C. Supernatant is the cytoplasmatic 
fraction, pellet was washed in PBS and centrifuged for 5’ at 3200 g. Crude nuclei was 
resuspended in 2 times volume of Buffer C (420mM NaCl, 20mM HEPES KOH pH7.9, 
20% Glycerol, 2mM MgCl2, 0.2 mM EDTA, 0.1% NP-40, 0.5mM DTT) and incubated in 
rotation for 1h at 4°C. Samples were then centrifuged for 30 min at 20.000g at 4°C. 
Supernatant is nuclear fraction, Pellet was washed in PBS and resuspended in 2 times 
volume RIPA buffer (150 mM NaCl, 50mM Tris pH 8.0, 1% NP-40, 5mM MgCl2, 10% 
glycerol), chromatin extract was stored at -80°C for further analysis. 

Results

TRIB3 regulates PPARγ expression in breast cancer cells
TRIB3 levels have been shown to influence breast cancer tumorigenesis and 
metastasis formation but little is known about the mechanisms behind such 
associations [12, 45, 46]. In order to better understand the role of TRIB3 in breast 
cancer cells, we performed RNA sequencing of TRIB3 knock-down compared to 
scramble control in MCF7 cells [37] (Figure 1A). Depletion of TRIB3 results in the 
upregulation of 527 genes and downregulation of 245 genes (Fold change >1, 
Adjusted p-value >0.05) (Figure 1B). Signaling pathways involved in oxidative 
phosphorylation and MYC target genes were downregulated, whereas KRAS 
signaling and Apical junction signaling were upregulated (Supplementary Table 
3). In addition, Cell differentiation index and white fat cell differentiation pathways 
were found upregulated in the knock down cells. In line with this, Among the top 
10 most upregulated genes in TRIB3-KD cells we found PPARG (Log2 Fold change: 
3.11, Adjusted p-value: 0.0003) (Figure 1C). This increase in PPARG mRNA levels was 
also observed on the protein level (Figure 1D). To further characterize the role of 
TRIB3 in MCF7 cells we used the previously described MCF7-TRIB3-tGFP inducible 
cell line [13] and assessed PPARG levels both at mRNA and protein level. We found 
that overexpression of TRIB3 results in reduced PPARg protein levels (Figure 1E) and 
this reduction is also appreciated on the mRNA level (Figure 1F). Our data shows 
that TRIB3 levels influence PPARg expression both at the protein and mRNA level, 
suggesting a transcriptional regulatory role for TRIB3 in these cells. 

Figure 1. TRIB3 regulates PPARγ expression in MCF7 cells. (A) Schematic representation of RNA-seq 
experiment and volcano plot showing differentially expressed genes between Sh-TRIB3 and Sh-control 
cells. (B) Up and down regulated genes (p-adjusted value >0.05). (C) Counts per million of PPARG in Sh-
control and Sh-TRIB3 cells. (D) Western blot of endogenous TRIB3 expression and PPARG in Sh-control 
and Sh-TRIB3 in MCF7 cells and Tubulin as loading control. (E) Western blot of TRIB3-tGFP using anti-tGFP 
antibody and endogenous PPARG in inducible TRIB3-tGFP MCF7 cells. (F) Relative mRNA expression of 
PPARG in inducible TRIB3-tGFP MCF7 cells treated with and without doxycycline.

Phospho-proteome of TRIB3-KD in MCF7 cells reveals its role as 
epigenetic regulator
To examine whether the potential role of TRIB3 as a transcriptional regulator may 
be linked to its ability to affect cellular phosphorylation events (see Introduction), 
we compared the phospho-proteomes of MCF7 TRIB3-KD cells to scramble control 
cells with stable isotope labeling of amino acids in cell culture (SILAC) quantitative 
proteomics. Pathway analysis revealed multiple proteins involved in chromatin 
organization, histone methylation and regulation of chromatin silencing, including 
the LARC complex, SWI/SNF and NCOR complexes. More specifically, we found 
differences in the phosphorylation status of SET1A, in particular at the tyrosine 
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in position 916 (Figure 2C). This phosphorylation is the most prominent post 
translational modification (PTM) found in MLL/SET1 family of proteins as it has been 
reported more than any other (Figure 2D). Previous studies have linked changes 
in PTM status of SET1A to changes in breast cancer development [47], but the 
kinase responsible has not been identified. In addition, pathway analysis confirmed 
previously reported roles for TRIB3 in cell-cell junction and focal adhesion, as well as 
regulation of receptor tyrosine kinase and insulin signaling [8, 37], supporting the 
validity of the experimental approach (Fig. 2B). 

Figure 2. The phosphoproteome of TRIB3 knock down cells reveals downstream targets of TRIB3. 
(A) Schematic representation of Phosphoproteomics experiment using SILAC. (B) Pathways analysis of 
phosphor-peptides found differentially phosphorylated in Sh-TRIB3 compared to Sh-control in MCF7 
cells. (C) Schematic representation of phosphorylation of T916 in SET1A. (D) Posttranslational 
modifications in SET1A according to Phosphositeplus [48].

TRIB3 interacts with WDR5 and ASHL2 subunits of the WRAD 
complex and with the SET domain of MLL/SET1 proteins:
The phospho-proteome results (Fig. 2), together with our previous TRIB3 interactome 
studies showing TRIB3 binding to components of the MLL-WRAD complex in MCF7 
cells [13], point to the MLL-WRAD complex as a potential intermediate through which 
TRIB3 may regulate the expression of genes like PPARG (Fig. 1). To substantiate this 
hypothesis, we first analyzed interactions between TRIB3 and various subunits of 
the MLL-WRAD complex through co-immunoprecipitation analyses in HEK293T cells. 
Our results shows that TRIB3 is able to bind to the WDR5 and ASHL2 subunits (Figure 
3A and Figure 3B) but not to RBBP5 and DPY30 (Figure 3B). To characterize these 
interactions further we made use of previously described point mutants of WDR5 
and MLL. WDR5 is the subunit of the WRAD complex that coordinates the interaction 
with MLL/SET1 proteins, critically depending on residues in the WIN domain of WDR5 
(S91 and F133) and the WD40 domain of MLL (R3765 in MLL1) [49-51]. The F133A 
mutation in WDR5 but not the S91K mutation disrupted the interaction with TRIB3 
(Figure 3A). In addition, mutation of either the arginine at position 36 or 58 of TRIB3 
– which potentially correspond to R3765 in MLL– did not affect the interaction with 
WDR5. (Fig. 3A) All together, our data indicate that the interaction between TRIB3 
and WDR5 is mediated through the WIN domain of WDR5 and is similar to but not 
identical to the interaction between WDR5 and MLL/SET1 proteins. 
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Figure 3. TRIB3 binds to WDR5 and ASHL2, subunits of the WRAD complex and to the SET domain 
of MLL/SET1 proteins. (A) Co-immunoprecipitation (IP) of TRIB3-GFP together with wild type Flag-
WDR5 and Flag-WDR5-S91K and Flag-WDR5-F133A as well as TRIB3-R36A-GFP and TRIB3-R58A-GFP 
mutants. (B) co-IP of TRIB3-GFP with Flag-RBBP5, Flag-DPY30 and Flag-ASHL2. (C)  Co-IP of TRIB3-GFP, 
MLL-Flag and WDR5-MYC. All co-IP were performed using HEK293T cells.

Furthermore, we assessed the interaction between TRIB3 and the SET domain of 
MLL/SET1 proteins. We found that TRIB3 is also able to interact together with the 
SET domain of MLL/SET1 proteins, independent of co-expression of WDR5 (Lanes 1 
and 3 Figure 3C). Moreover, a WDR5 S91K mutant that is not able to bind MLL/SET1 
[51] (Supplementary Figure 1) was still capable of binding TRIB3 (Lane 4 Figure 3C), 
indicating that the interaction between TRIB3 and MLL/SET1 is not mediated through 
WDR5. These findings suggest that TRIB3 could be competing with MLL for the WIN 
domain of WDR5. To test this, we performed Co-IP experiments between WDR5 and 
MLL/SET1 expressing increasing amounts of TRIB3 (Figure 4A). The results showed 
that WDR5 co-precipitates with MLL/SET1 when expressed together with MLL in 
the absence of TRIB3. When TRIB3 is co-expressed along them the amount of WDR5 
that is precipitated decreases and when higher amounts of TRIB3 are expressed this 
reduction is even more pronounced (Figure 4A). To validate the assay, we showed 
that mutations in WDR5 (S91K and F133A) or mutations in MLL (R449A) as well as 
the use of an inhibitor of WDR5 completely disrupts the interaction between MLL 
and WDR5 as previously described (Supplementary Figure 1)[49, 50]. In addition, to 
characterize further the interaction between TRIB3 and MLL. We showed that the 
N-terminal domain of TRIB3 is not required for the interaction with MLL and that the 
arginine-449 of MLL, essential for the interaction with WDR5, is not required either 
for the interaction with TRIB3 (Figure 4B). 

TRIB3 interferes with H3K4me3 levels on a global and local level
As the ability of the MLL proteins to tri-methylate histones critically depends on the 
WRAD complex [17, 18] and as TRIB3 can compete for the MLL-WDR5 interaction (Fig. 
4), we examined the effects of TRIB3 on MLL activity by assessing global H3K4me3 

levels. For this we first isolated the histones of MCF7 TRIB3-tGFP inducible cells treated 
with and without doxycycline for 48h. A significant reduction of global H3K4me3 

levels was observed upon induction of TRIB3 (Figure 4C). As a positive control, cells 
were treated with the WDR5 inhibitor OICR-9429 [52] (without induction of TRIB3 
protein), showing an even more pronounced reduction (Figure 4C). To establish the 
link between epigenetic events and TRIB3 further, we examined whether TRIB3 was 
stably associated with chromatin. For this, chromatin bound protein extracts were 
generated and TRIB3 was readily detected in this fraction as well as in the nuclear 
and cytoplasmatic fractions (Figure 4D). Lamin B1 was used as a marker for chromatin 
bond proteins (Figure 4D).
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Figure 4. TRIB3 inhibits WDR5-MLL complex formation. (A) Co-IP of MLL-Flag together with WDR5-
MYC and different concentrations of TRIB3-GFP in HEK293T cells. Different expression levels of TRIB3 
were achieved by co-transfecting TRIB3, WDR5 and MLL in a 1:1:1 ratio (lane 5) or 2:1:1 (lane 6). GFP 
plasmid was used to compensate for the total amount of DNA transfected per condition (B) Co-IP 
of TRIB3-GFP and TRIB3-DN-terminal-GFP with MLL-Flag and MLL-R449A mutant in HEK293T cells.  
(C) H3K4me3 ELISA in inducible TRIB3-tGFP MCF7 cells treated with and without doxycycline and 
inducible TRIB3-tGFP cells without doxycycline and treated with the WDR5 inhibitor OICR-9429.  
(D) western blot of TRIB3-tGFP in cytoplasmatic, nuclear and chromatin-bond fractions in inducible 
TRIB3-tGFP MCF7 cells with and without doxycycline.

To investigate whether the global inhibition of H3K4me3 levels by TRIB3 observed 
may underly TRIB3-mediated inhibition of PPARG transcription (Fig. 1), the PPARG 
locus was investigated more specifically. We first examined publicly available 
datasets of chromatin immunoprecipitation followed by sequencing (ChIP-seq) 
experiments of subunits of the WRAD complex, MLL/SET1 proteins and H3K4me3. 
In MCF7 cells the PPARG locus is marked with H3K4me3 as seen in figure 5A and this 
is also the case in HEK293T cells. WDR5 and RBBP5, subunits of the WRAD complex, 
co-localized in the same region as well as MLL/SET1 proteins (KMT2A in HEK293T 
cells and KMT2C in MCF7 cells), suggesting that PPARG expression may be regulated 

by the MLL-WRAD complex in MCF7 and HEK293T cells. Next, the H3K4me3 levels in 
the PPARG locus in TRIB3-KD cells was compared to Sh-control cells by ChIP-RT-qPCR, 
results showed a trend of increased H3K4me3 levels upon TRIB3 downregulation 
(Figure 5B).  In addition, we used the HSCB gene as control since previously it has 
been shown that is heavily mark with H3K4me3 in MCF7 cells [44] and we could not 
appreciate differences upon TRIB3 knockdown (Fig. 5D), suggesting that the effect 
of TRIB3 on H3K4me3 is not completely genome wide but rather gene-specific. These 
results suggest that the TRIB3-driven differences in PPARG mRNA expression shown 
above (Figure 1) could be the result of changes in H3K4 tri-methylation and this be 
the consequence of the interaction between TRIB3 and the WRAD -MLL complex. 

Figure 5. TRIB3 expression influences H3K4me3 mark in the PPARG locus in MCF7 cells. (A) ChIP-seq 
data of WDR5 (GSM1493030), RBBP5 (GSM1037511), KMT2A (GSM2373702), KMT2D (GSM3444924) and 
H3K4me3 (GSM3444908) in HEK293T cells as well as KMT2C (GSM3414777) and H3K4me3 (GSM2813049) 
in MCF7 cells with 7 kilo-bases around PPARG locus shown. (B) ChIP-RT-qPCR of H3K4me3 in Sh-TRIB3 
and Sh-control cells in MCF7 using 2 different sets of primer pairs (B and C) designed around the PPARG 
transcription start site (TSS) showed in A. (D) ChIP-RT-qPCR of H3K4me3 around TSS of HSCB gene.
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TRIB3 modulates PPARγ-mediated growth inhibition in MCF7 cells
Our study situates TRIB3 as an epigenetic regulator that controls the expression of 
PPARG in breast cancer cells. To examine consequences on a cellular level, the effect 
of TRIB3 on PPARg-mediated growth inhibition was examined, as proliferation of 
MCF7 cells has been shown to be sensitive to Rosiglitazone [53], a synthetic PPARg 
agonist. We used an MTS assay to assess the proliferation capacity of cells treated 
with Rosiglitazone (40mM for 72h). Downregulation of TRIB3 resulted in lower 
proliferation compared to control cells (Figure 6A). In addition, Induction of TRIB3-
tGFP in MCF7 cells showed increase proliferation rate compared to uninduced cells 
(Figure 6A). Taken together, our data suggest that TRIB3 modulates PPARg-mediated 
growth inhibition by interfering with the MLL complex in MCF7 breast cancer cells, 
a schematic representation of our model can be found on Figure 6B.

Figure 6. TRIB3 levels affects sensitivity of MCF7 cells to TZD treatment. (A) Sh-control, shTRIB3 and 
TRIB3-tGFP inducible MCF7 cells were treated for 72h with Rosiglitazone at 40m. TRIB3-tGFP inducible 
cells were treated with or without doxycycline for 24h before cell viability was measured. (B) Schematic 
representation of the role of TRIB3 as epigenetic regulator.

Discussion

In this study we show that TRIB3 is able to regulate PPARg expression in breast cancer 
cells. In addition, we show that TRIB3 binds to the WRAD complex and affect the 
MLL-WRAD complex formation and that the levels of H3K4me3 around PPARG locus 
are influenced by TRIB3 expression. We present TRIB3 as a new epigenetic regulator 
that controls PPARg expression through binding of the WRAD complex.

As we have shown previously TRIB3 is able to interact in MCF7 cells with a number of 
transcription factors including, ZBTB1, HIF1A or KDM3B, and other proteins such as FASN 
and p53 [13]. These interactions might also have an impact in gene expression or the 
phosphorylation status of certain proteins and we cannot discard that the changes we 
appreciated are only because of the interaction with the WRAD complex. In addition, we 
focus on TRIB3 in this study but given the redundancies in function found in the Tribbles 
family it might be possible that other Tribbles members exert similar functions. 

Previous characterization of the interactome of the different subunits of the MLL-
WRAD complex found that BAP18 was able to interact with TRIB3 in HEK293T cells 
[54]. Interestingly, in this study TRIB3 was not found as an interacting partner of 
other subunits of the WRAD complex, indicating that most likely TRIB3 interacts with 
a subfraction of MLL-WRAD complexes and is not a common subunit to be found on 
the complex. BAP18 is a member of the MLL-WRAD complex but also to the NURF 
complex [55], adding the possibility that TRIB3 influences other mayor transcriptional 
regulatory complexes. In addition, BAP18 has been also implicated in triple-negative 
breast cancer development through the activation of the oncogene S100A9 [56]. 
All in all, this only strengthens our conclusions as it shows TRIB3 as part of the 
interactome of MLL-WRAD proteins. However, the exact role of TRIB3 as a regulator 
of these complexes and under what circumstances it binds to these complexes 
remains to be fully elucidated and could represent a future area of research for the 
Tribbles scientific community. Furthermore, TRIB3 may represent a link between 
cellular metabolism and epigenetics, functioning as a nutrient sensor of glucose 
and aminoacids levels [57, 58] and regulating MLL-WRAD complex activity, the main 
epigenetic writer of histone H3 lysine 4 methylation in mammalian cells. Previously 
we have shown that TRIB3 interacts with a number of mitochondrial proteins [13], 
potentially indicating mitochondrial localization and action of TRIB3. Given the 
importance of mitochondrial amino acid metabolism for histone methylation [31, 
32], by altering mitochondrial function TRIB3 may affect gene regulation in breast 
cancer through a second, more indirect mechanism. Future studies are required to 
investigate this hypothesis. In addition, it is worth mentioning that the present study 
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focused on in vitro systems only and in vivo studies are needed to complement our 
observations and fully comprehend the role of TRIB3 as epigenetic regulator.

PPARg has been shown to function as tumor suppressor in colon, lung, pancreatic, 
prostate and breast cancer as increased PPARg signaling in these diseases leads to 
reduced cellular growth and inhibition of tumor invasiveness [59-63]. In this context, 
upregulation of PPARg expression via targeting the TRIB3-WRAD complex might 
represent a new possible therapy strategy. Nonetheless, activating PPARg mutations 
have also been discovered and linked to cancer initiation in bladder and prostate 
cancer [64, 65] and PPARg expression has been shown to be upregulated in certain 
breast cancer patients [66]. Noteworthy, PPARg expression does not correlate with 
PPARg activity as activation with PPARg ligands have been shown to inhibit cancer 
growth in cancer cells [53]. PPARg ligands have been shown to reduce epithelial to 
mesenchymal transition (EMT) in breast cancer and thus reduce metastasis capacity 
of the tumor cells [25]. PPARg might be the target of a cancer therapy in the near 
future and finding new ways to regulate its expression could open the door to the 
treatment of a number of cancers for which currently options are limited.
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Abstract

The kinase AKT/PKB is a key intermediate in insulin and growth factor signal 
transduction. AKT activity is dysregulated in various human diseases: reduced 
activity is for example observed in insulin resistance and type 2 diabetes, while 
hyperactivation of AKT can drive tumorigenesis. The pseudokinase TRIB3 can 
interact with and inhibit AKT, representing an endogenous mechanism to regulate 
AKT activity that may offer an entry point for therapeutic intervention. However, 
disparate data on the TRIB3-AKT interaction and the effect on serine 473 (S473) 
phosphorylation in AKT have been published in recent years. In this study we used 
a combination of cell-based and computational approaches to investigate the 
interaction between TRIB3 and AKT in detail and found that the C-terminal domain 
of TRIB3 is able to interact with AKT. Moreover, we identified a triple glutamic acid (E) 
motif in this domain that is essential for this and propose that S473 phosphorylation 
is prevented or destabilized through an interaction between the triple E motif and 
a basic patch in AKT. This molecular interaction, which can potentially be regulated 
on multiple levels, may present a first step to elucidate the role of cellular context 
in AKT-TRIB3 interplay.

Introduction

The serine/threonine kinase AKT, also known as protein kinase B (PKB) [1, 2], was 
discovered more than 30 years ago and has been the focus of research ever since for its 
(dys)functions in many aspects of cellular biology, human physiology and pathology [3]. 
The overall view is that AKT activation promotes cell survival, cell growth, proliferation 
and regulates the metabolic state of the cell, with some cell type- and tissue-specific 
effects related to expression of AKT isoforms (AKT1 or PKBa, AKT2 or PKBb and AKT3 or 
PKBg) and/or specific regulatory mechanisms [3]. When receptor tyrosine kinase (RTK) or 
G protein coupled receptors become activated by extracellular stimuli such as insulin or 
growth factors, they activate PI3K, resulting in recruitment of inactive AKT to the plasma 
membrane [4]. Akt subsequently becomes phosphorylated on two key residues, T308 in 
the activation loop and S473 in the C-terminal hydrophobic motif [5, 6]. These residues 
are conserved in all AKT isoforms and their combined phosphorylation is required for 
full AKT activation. PDK1 is responsible of phosphorylation of T308 resulting in partial 
activation of AKT [7, 8]; phosphorylation of S473 by the mechanistic target of rapamycin 
complex 2 (mTORC2) is required for further activation of AKT and stabilization of the T308 
phosphorylation [9]. DNA-dependent protein kinase (DNA-PK) has also been shown to 
co-localize and be able to phosphorylate S473 of AKT under certain conditions [10].  Fully 
active AKT is then released from the plasma membrane and can be found in multiple 
locations within the cell. AKT regulates a wide variety of cellular pathways through the 
phosphorylation of transcription factors, metabolic enzymes, E3 ubiquitin ligases and cell 
cycle regulators [11, 12]. Some of the best known AKT substrates include the forkhead 
box O (FoxO) family of transcription factors, AMP-regulated protein kinase (AMPK) and 
glycogen synthase kinase 3 (GSK3)[13-15]. 

Reduced AKT activation upon insulin stimulation in liver, skeletal muscle and adipose 
tissue is known as insulin resistance and is a hallmark in the development of the 
metabolic syndrome and type II diabetes. Moreover, AKT hyperactivation is among 
the most well studied mechanism that drives tumorigenesis, including activating 
mutations in genes upstream of AKT such as EGFR, HER2, RTKs, PDK1 and PIK2CA [16] 
and inactivating mutations in tumor suppressor genes such as PTEN and PHLPP [17]. 
For the past twenty years research has been focused on understanding AKT signaling 
cascade to identify cellular proteins and other biomolecules that can influence AKT 
activation, to either ameliorate insulin sensitivity in diabetic and obese patients or 
to treat a number of cancers.

The mammalian Tribbles pseudokinases have drawn a lot of attention as natural, 
cellular AKT inhibitors that can potentially be targeted in cancer and insulin 
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resistance patients. Originally discovered in Drosophila in a mutational screen for 
genes that control cell proliferation and migration [18-21], the human homologies 
TRIB1, -2 and -3 have been implicated in many different cellular processes such as 
differentiation and activation of immune cells, lipid metabolism and regulation of 
the cell cycle [22-26]. Tribbles are able to regulate such a large variety of pathways 
through their ability to interact with and modulate the activity of various cellular 
proteins, including transcription factors, kinases and components of the ubiquitin 
proteosome system [27, 28]. Human Tribbles have a well-defined structure that consist 
of a central pseudokinase domain (PKD) that is flanked by intrinsically disordered N- 
and C-terminal domains. The PKD lacks the DFG motif that is present is most bona-
fide kinases and therefore they are incapable of binding ATP, this together with a 
modified glycine-rich loop makes Tribbles unable to catalyze the phosphorylation 
of their substrates. In contrast with the well conserved PKD that retains more than 
50% sequence similarity among the Tribbles family members, the N- and C-terminal 
domains are more divergent and may therefore harbor unique functions of the 
different family members. The C-terminal domain contains two motifs that are well 
conserved among human Tribbles proteins and also across different species: the 
binding motifs of the E3 ubiquitin ligase COP1 and the MEK motif for the regulation of 
mitogen activated protein kinase cascade (MAPK) [28, 29],. The N-terminal domain has 
been traditionally associated with the protein stability of Tribbles but more recently 
we reported the N-terminal domain of TRIB3 to also acts as an interaction module that 
links TRIB3 with transcriptional regulatory proteins [30]. 

All 3 Tribbles family members have been linked to the different isoforms of AKT in 
different cellular settings, with the outcome being dependent on the identity of the 
TRIB protein and the cellular context [31, 32]. Human TRIB3 has been shown to be 
able to inhibit both phosphorylation sites of AKT, T308 and S473, in hepatocytes 
[25, 33] but not in muscle cells [31, 34] while in adipocytes  downregulation of 
TRIB3 has been associated to a decrease in phospho-AKT (E. Kiss-Toth, personal 
communication). TRIB1 and especially TRIB2 have been shown to be activators of 
AKT, drawing attention to their role in cancer [35, 36]. These disparate findings 
prompted us to study the interaction between AKT and TRIB3 in more detail and 
try and elucidate how this may lead to altered phosphorylation of AKT. Here we 
combined cell-based studies with computational modelling approaches and found 
that the TRIB3-AKT interaction not only relies on the PKD of TRIB3 but also on its 
C-terminal domain. In addition, we identified a triple glutamic acid motif in the 
C-terminal domain of TRIB3 that we predict to bind to the basic patch in the AKT 
protein, thereby preventing or destabilizing the phosphorylation of S473. 

Materials and methods

Materials

Cell culture 
Human embryonic kidney cells (HEK293T, ATCC CRL-3216) were maintained in High 
glucose (d-glucose, 4.5g/L) Dulbecco’s Modified Eagle Medium (DMEM). Media was 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin 
(P/S). Hep G2 (ATCC HB-8065) cells were maintained in low glucose DMEM, 10 % FBS, 
1% P/S and 1% L-glutamine. Inducible pcw57.1 (EV, TRIB3-wt, TRIB3-3A and TRIB3-
3K) cell lines were generated using third generation lentiviral constructs similarly as 
described previously [37].

Site-directed mutagenesis
All mutations introduced in this study were performed using Quickchange 
mutagenesis kit (Stratagene). In short, primers with the desired mutations were 
generated and PCR was carried out accordingly to primers annealing temperature 
and length of the plasmid. Samples were then incubated with Dpn1 for 1h at 37°C. 
DH5-Alpha competent E. coli cells were used for bacterial transformation and 
successful mutagenesis was verified by Sanger sequencing analysis. 

Western blotting
Western blotting was described in detail previously [38]. Briefly, protein samples 
were extracted using RIPA lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% NP-40, 
5mM MgCl2, 10% glycerol). Protein concentration was measured and Laemmli sample 
buffer was added to the samples. Samples were then separated through SDS-PAGE 
and transfer to PVDF membranes. Blocking was performed during 45’ with 5% milk 
in TBS-T and then membranes were incubated with Primary (4°C overnight) and 
secondary (1h RT) antibody before using ECL solution and LAS4000 Image Quant 
for visualization of the targeted protein. 

Protein complementation assay
TRIB3-AKT complex formation was analyzed in live cells using the NanoBiT® PPI 
System (Promega). The large BiT (LgBiT, 18 kDa) and the small BiT (SmBiT, 1.3 
kDa) were fused to the N- and C-terminus of TRIB3 and AKT constructs and all 
the combinations were tested to find the pair that displayed the most effective 
complementation of the split luciferase. The combination selected was the large BiT 
fused to the C-terminus of TRIB3 and the small BiT fused to the C-terminus of AKT. 
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HEK293T cells were seeded in 96-well plate (10.000 cells/well) and transfected with 
TRIB3-LgBiT (50 ng/well) and AKT-SmBiT (50 ng/well) using Xtreme gene (Sigma-
Aldrich). After 48h cells were washed with PBS and diluted substrate was added 
according to manufacturer’s protocol. Relative light Units (RLU) were measured by a 
Centro LB960 Luminometer (Berthold Technologies). The results are averages of at 
least three independent experiments assayed in triplicate. 

Computational modeling
The interaction between TRIB3 C-tail and AKT Kinase Domain (KD) was built with 
Rosetta (release 2020.03) using the FlexPepDock ab-initio protocol [39]. Protein-
peptide docking was carried out between the AKT KD (residues 144-450) and 
selected regions of the C-terminal tail of TRIB3 in ranges of 15 residues. AKT KD 
template PDB id 4GV1 was selected based on its high resolution. The C-terminal tail 
of AKT (residues 457-477) was removed to allow docking on the groove over the αC 
helix. The FlexPep-Dock ab-initio protocol was first evaluated over a linear C-terminal 
tail of AKT (res 463-477) to check the accuracy of predicting its binding mode.

A preliminary step of the FlexPepDock ab-initio protocol is the generation of fragment 
libraries for the peptide sequence. The fragment libraries of three and nine residues were 
generated with the Robetta server [40] using the peptide sequence of AKT and TRIB3 
C-tail as reference for each case. We selected the last 28 residues from the C-tail of TRIB3 
and split them in three fragments (residues 331-345, 338-352 and 344-358). The peptides 
were initially positioned approximately 10 Å away from the proposed binding pocket, 
the αC helix of AKT. Then, the input structures were prepacked to remove internal clashes 
in the protein and the linear peptide. We generated 100,000 models from each starting 
structure. The docking simulations were evaluated with the beta_nov16 score function. 
The top scoring 500 models were clustered using the Rosetta cluster application with 
a cluster radius cutoff of 3 Å peptide backbone atom RMSD. The models were ranked 
according to the reweighted score, in which interface residues are given double weight, 
and peptide residues are given triple weight. We considered the best model as the lowest 
structure with the biggest cluster in the top 10 lowest models.

Insulin stimulation
Hep G2 Cells (ATCC HB-8065) were cultured for 24h in low glucose (1.5 g/L D-glucose) 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 0.1% fetal bovine 
serum, 1% ampicillin and streptomycin and 1% L-glutamine. Cells were then 
incubated with insulin (1:10000) for 45 min to 1h and samples were harvested in RIPA 
lysis buffer. Phospho-AKT (Ser473) was checked as read-out of insulin stimulation by 
western blotting. 

RESULTS

TRIB3-C-terminal domain interacts with AKT and is sensitive to S473 
phosphorylation
To study the interaction between TRIB3 and AKT in detail, we developed a protein 
complementation assay (PCA) to measure the relative strength of the TRIB3-AKT 
interaction. In this system, luciferase is divided into two fragments (LgBiT and SmBiT) 
that are fused to C-terminal ends of TRIB3 and AKT respectively. When expressed in 
cells the individual proteins display no luminescence by themselves, while luciferase 
activity was detected when the 2 proteins were expressed together, as a result of the 
protein-protein interaction and subsequent reconstitution of a functional luciferase 
protein (Figure 1A and 1C). In this experimental setting a small yet non-significant 
increase in luciferase activity measured when the R84R variant of TRIB3 was tested 
(Fig. 1C), a genetic variant that has been shown to display increased in vitro binding 
to AKT and is associated with impaired insulin sensitivity [41]. 

Next, the contribution of the different domains of TRIB3 to the interaction with AKT 
was examined (Fig. 1B). TRIB3 proteins that lacked either de N- or C-terminus (DN- 
and DC-terminus), as well as the isolated PKD were able to interact with AKT (Figure 
1C), supporting earlier studies showing that the PKD of TRIB3 can interact with AKT 
[42]. Surprisingly, the isolated C-terminal domain of TRIB3 was also able to interact 
with AKT (Figure 1C). 

In addition, we wished to test if the interaction between TRIB3 and AKT was sensitive 
to the phosphorylation status of AKT. For this, we generated phosphomimic mutants 
of serine 473 and threonine 308 (S473D and T308D) as well as the corresponding 
phosphophobic mutants (S473A and T308A). The S473D but not the S473A mutation 
disrupted the interaction between the C-terminal domain of TRIB3 and AKT (Figure 1D). 
Both full length TRIB3 and the isolated PKD were not sensitive to the phosphorylation 
status of S473 of AKT (Fig. 1D). When testing the phosphorylation status of T308, no 
significant effects were detected for the AKT-TRIB3 interaction, either in the context of 
full length TRIB3 or with the isolated C-terminal domain (Fig. 1E and 1F).

Moreover, we tested if the phosphorylation of T308 may have an effect in the 
context of S473 phosphorylation, by combining the different mutations. The 
interaction between the un-phosphorylated form of AKT and TRIB3 (T308A/S473A) 
was significantly stronger compared to the bi-phosphorylated form of AKT (T308D/
S473D), with the mono-phosphorylated forms of AKT (T308D/S473A and T308A/
S473D) displaying a small decrease in binding (Figure 1G).
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Figure 1. Protein complementation assay (PCA) to study TRIB3-AKT interaction. (A) Schematic 
representation of PCA. (B) Schematic representation of TRIB3 and AKT constructs used in the PCA. (C) 
PCA of TRIB3 WT (including natural polymorphism in position 84, R and Q), TRIB3 DN-terminal, TRIB3 
DC-terminal, TRIB3 PKD and only the C-terminal domain of TRIB3 in combination with AKT WT. (D) PCA 
of full length TRIB3, C-terminal domain of TRIB3 or PKD TRIB3 in combination with AKT WT, AKT S473A 
and AKT S473D. (E) PCA of C-terminal domain of TRIB3 in combination with AKT WT, AKT T308A and AKT 
T308D. (F) PCA of full length TRIB3 in combination with AKT WT, AKT T308A and AKT T308D. (G) PCA 
result of full length TRIB3 in combination with AKT T308A+S473A, AKT T308D+S473A, AKT T308A+S473D 
and AKT T308D+S73D. (H) Schematic representation of the PCA results of the interaction between the 
C-terminal domain of TRIB3 and AKT phosphorylations.

Together these results support a bimodal interaction model where both the PKD 
and C-terminal domain of TRIB3 can interact with AKT, with the interaction between 
the PKD and AKT being insensitive and the interaction between the C-terminal 
domain of TRIB3 and AKT being sensitive to the phosphorylation status of AKT, with 
a dominant role for S473 phosphorylation. 

Computational modeling of C-terminal domain of TRIB3 in complex with AKT1
To gain structural insights into the interaction of the C-terminal domain of TRIB3 and 
AKT we used the Rosetta FlexPepDock ab-initio peptide docking protocol to model 
AKT1 bound to a segment of the C-terminal domain of TRIB3. In all cases, we calculated 
100.000 conformations starting from an extended peptide within 10 Å from the 
proposed binding site, the groove over the aC-helix of AKT. First, we used the Rosetta 
FlexPepDock an-initio protocol to model the binding of the C-tail of AKT (residues 463-
477) to the AKT kinase domain (residues 144-450) (Supplementary Figure 1A) an already 
known structure (PDB 4GV1) that allow us to test the accuracy and precision of the 
protocol. For the analysis of the various protein-peptide docking screens, scattering 
plots were constructed for each model with the Rosetta score against the root mean 
square deviation (RMSD) with respect the native structure of AKT. We were able to 
generate models with high accuracy for the binding of the C-tail of AKT, with residues 
close to near-native as the predicted peptide conformation deviates by less than 2 Å 
RMSD. The best docking model corresponded to the representative model selected 
according to the best energy score of the biggest cluster in the top 10 ranked by energy. 
Six out of the ten best ranked models showed a RMSD lower than 2 Å (Supplementary 
Figure 1B). Next, protein-peptide dockings were carried out between the KD of AKT1 
and the selected regions of C-terminal domain of TRIB3 in segments of 15 residues 
(Supplemented Figure 1C). The distance of the peptide was based on the maximum 
length of the benchmark peptides used to validate the FlexPepDock protocol. In all 
three segments the best model appeared docked in the groove over the aC-helix of 
AKT, the segment number three (residues 344-358) showed a more flexible structure 
and thus showed a larger RMSD distribution of the top 10 structures compared to the 
other two segments. Segments 1 (residues 331-345) (Figure 2A) and 2 (residues 338-
353) (Figure 2A) showed a more converge solution and the best ten poses are shown in 
Figure 2B. Interestingly, a glutamic acid motif E347-E348-E349 in the C-terminal domain 
of TRIB3 –which is not conserved between the different TRIB proteins (Fig. 2E)– is present 
in two of the segments and docks to a region close to a basic patch (K142-H143-R144) 
in AKT, which has previously been implicated in stabilization of S473 phosphorylation 
(Figure 2C and D) [43]. By interacting with AKT, as proposed by these computational 
modeling approaches, the C-terminal tail of TRIB3 may prevent or destabilize S473 
phosphorylation and inhibit AKT-mediated signal transduction.
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Figure 2. Modeling of C-terminal domain of TRIB3 in complex with AKT. (A) scattering plots of 
segment 1 and segment 2 of TRIB3 C-terminal domain, the Rosetta score is plotted against the root 
mean square deviation (RMSD) with respect the native structure of AKT. (B) Visualization of the best 
10 poses of the C-terminal domain of TRIB3 in complex with AKT. (C) Best pose, under yellow circle 
the triple glutamic acid motif. (D) AKT in complex with its own C-terminal, basic patch stabilizes S473 
phosphorylation. (E) Alignment of the C-terminal domains of TRIB1, TRIB2 and TRIB3.

The triple glutamic acid motif in the C-terminal domain of TRIB3 is important in 
the regulation of AKT S473 phosphorylation
Based on the computational modeling of the C-terminal tail of TRIB3 in complex 
with AKT (Fig. 2), we hypothesize that the triple E motif in the C-terminal tail of 
TRIB3 may impair the interaction between TRIB3 and AKT. It should be noted 
however that based on structural studies with the related pseudokinase TRIB1 by 
Jamieson et al. [44], TRIB3 may also adopt an auto-inhibited conformation where the 
C-terminal tail is folded onto the PKD. These authors showed that upon interaction 
with other proteins the conformation changes and the C-terminal tail is released, 
which would make the PKD more accessible for other protein-protein interactions 
(Supplementary figure 2). The E347A/E348A/E349A mutant may therefore display 
reduced or increased binding to AKT, depending on the relative importance of the 
different interaction interfaces (PKD and C-terminal tail) and/or the sequence of 
binding events. To distinguish between these possibilities, we generated a TRIB3 
mutant where all three glutamic acids were mutated to alanine (E347A/E348A/
E349A) and tested this in the PCA system. The triple mutant displayed increased 
binding compared to the wt TRIB3 protein (Fig. 3A), while no clear differences were 
observed when single glutamic acids or pairs were mutated. These findings support 
a model where the PKD of TRIB3 is less accessible for interaction with AKT when the 
C-terminal tail with its triple E motif is present and also that the interaction through 
the PKD precedes binding of the C-terminal tail (Fig 3B).

To investigate the role of S473 phosphorylation–which we showed above to be 
affect the AKT-TRIB3 interaction (Fig. 1)– in this conformational model, we combined 
mutants described earlier and tested the triple glutamic acid mutant (E347A/E348A/
E349A) for its ability to interact with the S473A and S473E mutants of AKT. Our results 
showed that the interaction is reduced when the S473 is mutated into an alanine 
(S473A) and is not affected when the serine is mutated into aspartic acid (S473D) 
(Figure 3C). These results suggest that the triple E motif may be positioned closely 
to S473, since the outcome of mutating the triple E motif of TRIB3 is affected by 
mutation of S473 in AKT.
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Figure 3. Triple E motif in C-terminal of TRIB3 and AKT S473 phosphorylation. (A) PCA results of 
TRIB3 WT, TRIB3 E347A, TRIB3 E347-348AA and TRIB3 EEE347-349AAA in combination with ATK WT.  
(B) Representation of autoinhibited and substrate complex conformation equilibrium of TRIB3 WT and 
TRIB3 EEE347-349AAA mutant. (C) PCA results of TRIB3 EEE347-349-AAA in combination of AKT WT, AKT 
S473A and AKT S473D. (D) Schematic representation of TRIB3 C-terminal domain interaction with AKT. 

Insulin stimulated S473 phosphorylation of AKT is differentially regulated by 
TRIB3 mutants
To test the model in which the C-terminal tail of TRIB3 –and in particular the triple E 
motif– is important for the inhibition of S473 phosphorylation of AKT, we compared 
the effect of wt TRIB3 and the triple E motif mutant on insulin-stimulated S473 
phosphorylation (Fig. 4A). We and others have previously used similar assays to test 
the capacity of insulin to induce the phosphorylation of AKT (S473) [45]. First, we 
generated HepG2 cells that overexpress GFP-tagged TRIB3 or the E347A/E348A/
E349A mutant in a doxycycline inducible manner, as we reported before in other cell 
types [30, 37]. Insulin treatment resulted in a clear induction of S473 phosphorylation, 
as detected by phospho-specific antibodies (Fig. 4B). Upon doxycycline-induced 

overexpression, wt TRIB3 was able to reduce the amount of phospho-AKT (Figure 
4B) when compared to the uninduced cells. No reduction was observed in the cells 
expressing the TRIB3 mutant (Figure 4B). These data indicate that the triple E motif 
located in the C-terminal tail of TRIB3 contributes to inhibition of AKT activation. 

Figure 4. TRIB3 EEE347-349AAA mutant shows reduced ability to inhibit insulin-dependent 
AKT S473 phosphorylation in HepG2 cells. (A) Schematic representation of experimental set-up.  
(B) Western blots of total AKT, phospho AKT (S473) and GFP in inducible TRIB-WT and TRIB3 Triple A 
mutant (3A) in HepG2 cells. (C) Schematic model of AKT-TRIB3 interaction.
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Discussion

In this study we have used a combination of cell-based and computational modelling 
approaches to investigate the interaction between TRIB3 and AKT. We have found that 
not only the PKD domain of TRIB3 interacts with AKT as previously shown, but also 
the C-terminal domain of TRIB3. Moreover, we have demonstrated that the C-terminal 
domain of TRIB3 is able to inhibit the phosphorylation of serine 473 of AKT. Our data 
indicate that this inhibition critically depends on a triple glutamic acid motif that might 
bind to the ac-helix of AKT. Based on our cell-based and computational modelling and 
structural studies on the related pseudokinase TRIB1 [44], we propose a multistep model 
for the AKT-TRIB3 interaction (Fig. 4C).  Initially, TRIB3 is present in an auto-inhibited 
conformation, where the C-terminal tail (with its triple E motif ) is folded over its PKD 
(Fig. 4C, 1). The PKD then interacts with AKT, where AKT may force TRIB3 into a different 
conformation where the C-terminal tail no longer shields the PKD and/or compete with 
the C-terminal tail for binding to the PKD (Fig 4C, 2). Finally, the C-terminal tail binds to 
AKT to a region close to the basic patch (K142/H143/R144) and prevents or destabilizes 
S473 phosphorylation (Fig. 4C, 3). Conversely, if S473 of AKT is phosphorylated, the 
interaction with TRIB3 is impaired. Interestingly, while the related pseudokinase TRIB2 
can induce phosphorylation of S473 of AKT, and thereby play a role in the development 
of resistance to anti-cancer treatments, the C-terminal domain also plays a critical role 
in this case [35]. While the triple E motif is not strictly conserved, the C-terminal tail of 
TRIB2 contains an EENLD sequence (Fig. 2E) which may play a similar role. Together with 
the current study, these findings indicate that interfering only with the PKD-mediated 
TRIB3-AKT interaction, albeit effective is some experimental settings [42], may not 
always be sufficient to fully disrupt the complex between these two proteins.

While the model proposed above is partly based on experimental data, it should 
be noted that it also relies on the structure of TRIB1 that has been solved [27] and 
most of the current knowledge about Tribbles structure-function relationships 
comes from studies on TRIB1 [44]. Whether TRIB3 can indeed adopt the different 
conformations shown for TRIB1, an auto-inhibited conformation and a ‘substrate 
complex conformation’ [44], remains to be established. Nevertheless, conversion of 
one conformation into the next is potentially highly dependent on cellular context and 
extracellular signaling and may provide a molecular basis for the disparate findings on 
AKT-TRIB3 interplay reported so far (see Introduction). Post translational modifications 
(PTM) of TRIB3 may be an important regulatory mechanism in this context but are 
currently understudied. Therefore, additional structural studies of the individual AKT 
and TRIB3 proteins and in complex, together with detailed profiling of PTM on TRIB3 
in different cellular settings and under different conditions, are required. 
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Supplementary figures

Supplementary Figure 1. Protein-peptide docking structure of AKT KD with its own C-tail (463-
477). (A) Rosseta score energy landscape plots where each model is a blue circle according to its RMSD 
and its energy score. The top 10 lowest energy clusters created from the top 500 scoring models are 
shown as black circles. (B) The peptide starting orientation (magenta), the best model (blue), and the 
native peptide (green) are shown in complex with AKT KD (grey). A detailed view of the best result 
showing the peptide side chains compared with the crystallized region along with the RMSD of residues 
472-477. (C) Alignment of the C-terminal domain of TRIB1, -2 and -3 and the three segments of TRIB3 
C-terminal domain used for modeling.

Supplementary Figure 2. Schematic representation of the transition between the auto-inhibited 
conformation of TRIB3 and the substrate complex conformation.



Chapter 8
General Discussion
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Introduction

The connecting thread throughout this thesis is the use of MS-based proteomics 
approaches to study the role of non-enzymatic proteins in different contexts. We 
focused on the Tribbles family of pseudokinases and, more specifically, in TRIB3. 
This peculiar family of proteins was discovered twenty years ago in Drosophila in a 
screen for genes involved in cellular differentiation and growth [1-4]. Multiple groups 
simultaneously reported the findings of a kinase-like protein involved in oogenesis 
and gastrulation of the fly embryo, due to the tradition in the drosophila field to 
name genes based on the phenotype that mutations on them produce, the gene was 
named Tribl. Tribbles are Star Trek creatures that grow outstandingly quick as well 
as the Trbl mutant cells that exhibit premature mitosis. Trbl was found to be able to 
promote the degradation of Slbo [4] and String [3], the orthologs of the mammalian 
transcription factor C/EBPa and the phosphatase CDC25, involved in various cell 
cycle checkpoints [5, 6]. Shortly after, the human homolog TRIB3 was found able 
to inhibit AKT/PKB activation in the liver [7], this together with several associations 
with various cancers [8] increased the attention of the scientific community for 
this family of proteins. Despite the increasing number of publications since their 
discovery the knowledge about Tribbles molecular mechanism and exact function 
in different cellular settings is limited. Our way to contribute to this is by studying 
the interactome of Tribbles, as we hypothesized, the specific functions as well as the 
uniqueness and redundancies in Tribbles functions are dictated by their interactome 
in any given cellular setting. In Chapter 3, we used an unbiased MS-based proteomic 
approach to study the interacting partners of Tribbles in HEK293T and MCF7 cells. 
More important than the proteins that we found capable of interacting with TRIB1, 
-2 or -3 we used it as prove of concept. The function of a non-enzymatic proteins 
cannot be address only with the use of standard biochemical assays, as their role 
rely ultimately on the set of proteins its interacting at that particular moment. 
Analyzing their interactome in different cellular contexts allowed us to gain insights 
into different Tribbles functions, subcellular localization and their role in particular 
pathways as we showed in chapter 4 and chapter 6. 

We used a similar AP-MS approach to study the role of FHL2 during adipogenesis, 
we discovered that FHL2 is able to interact with NFAT5, a known transcription factor 
that blocks the adipogenic transcriptional program and we showed in chapter 5 that 
they indeed cooperate to block adipocyte differentiation. 

The study of the interactome of Tribbles and FHL2 have proven to be an insightful 
approach, however it has its limitations. The interactome is a snapshot of a specific 

timepoint and its condition by the strength of the interactions as well as the 
abundance of the interacting proteins, which means that weak interactions or 
interactions with low-abundant proteins will be difficult to discover.  This is why we 
complemented the AP-MS experiments with quantitative phospho-proteomics, this 
allowed us to have a more comprehensive view of the role of TRIB3 as well as reveal 
roles that would have very difficult to study only with the interactome. The main 
findings presented in this thesis as well as their impact and future perspective are 
discussed below:

1	� Mass spectrometry-based proteomics for the study of 
pseudoenzymes function:

Pseudoenzymes are proteins that can be classified through sequence homology to 
a specific family of enzymes but they are predicted to be catalytically dead [9, 10]. 
They retain the structure and folding but they lack some of the key catalytic domains 
or motifs that have been shown to be critical for the enzymes function. Their origin 
is still controversial but the most accepted theory is that they emerged from gene 
duplication [11], the lack of selective pressure over their catalytic domains due to 
spatiotemporal co-expression with the catalytic active counterpart allowed them 
to drift away and lose these catalytic motifs. Pseudoenzymes were overlooked and 
described as dead enzymes until early 2000 when genomes started to be sequenced 
and the high number of predicted pseudoenzymes, around 10%, and how conserved 
they are across different species came to light [12]. These evidences underpinned an 
important role for this “dead” enzymes in cellular biology. To this day pseudoenzymes 
are still understudied when compared to their enzymatic active counterparts, but 
we understand much more than 20 years ago. These proteins function as interacting 
platforms; regulating the function of active enzymes, competing for substrates, 
assembling complexes and preventing the formation of others, our knowledge about 
the molecular mechanism of pseudoenzymes has been growing tremendously. All 
their different mechanisms come down to one thing, their interactome. The set of 
proteins a given pseudoenzyme is interacting defines the pseudoenzyme function 
and can be very cell specific or timepoint specific, adding another layer of complexity 
to the study of these proteins.

Mass spectrometry (MS) based proteomics approaches have become the most 
powerful technology to identify protein-protein interactions. Affinity purification 
mass spectrometry (AP-MS) is commonly used to determine the set of interactors 
of a particular protein, generally using antibodies against the endogenous protein 
or against epitope tags that allowed a highly efficient purification. The use of 
epitope tags is often required when working with pseudoenzymes as high-quality 
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antibodies are limited and often exhibit cross reactivity [13]. In our case we used 
nanobodies against GFP that reduced the number of peptides released during on-
beads digestion and the background binding. We combined nanobodies with the 
use of inducible systems, this allowed us to expressed our protein of interest in a 
controlled manner, in regard of the amount and timepoint when it is expressed. 
Granting us the opportunity to generate valuable comparisons between conditions 
or mutants. We performed interactome analysis of TRIB1, -2 and -3 in HEK293T cells 
and TRIB1 and TRIB3 in MCF7 cells, by comparing these interactomes we not only 
learnt about specific TRIB functions but also about uniqueness and redundancies. 
We also compared the interactome of different TRIB3 mutants, allowing us to gain 
insights into the role of those motifs but also on how the protein localization is 
regulated. For instance, we found a mitochondrial localization of TIRB3 that 
has not been reported previously. In addition, we unraveled the role of TRIB3 in 
adipocytes using a combination of AP-MS experiments with phospho-proteomics. 
This combination of proteomics approaches is very powerful, interactions found in 
AP-MS experiments are restricted to strong interactions, interactions with relatively 
high abundant proteins and to the interactions happening at the moment the 
experiment is performed. The use of quantitative phospho-proteomics allowed two 
things; to have a more comprehensive view of all interactions, weak or strong, and 
to monitored the consequences of TRIB3 interactions in different signaling pathways. 
MS-based proteomics approaches represent the most powerful technology to 
study pseudoenzyme function and will continue to expand our knowledge on this 
superfamily of proteins. 

2.	�TRIB3 regulates adipose tissue expandability and works as a 
signal integrator molecule:

The adipose tissue is highly dynamic metabolic organ that plays a pivotal role in 
the development of the metabolic syndrome and diabetes type 2 [14, 15]. As the 
obesity epidemic has not shown signs of declining discovering new ways of tackling 
the advance of the disease has become of mayor focus for the scientific community. 

TRIB3 plays a key role in metabolism; regulates lipid metabolism by targeting for 
degradation acetyl Co-A carboxylase (ACC), the rate-limiting enzyme in fatty acid 
synthesis [16]. During fasting TRIB3 is upregulated and through its association with 
the E3 ligase COP1 inhibits the biosynthesis of fatty acids and thus promotes lipolysis. 
The role of TRIB3 in glucose metabolism has also been address by numerous studies, 
TRIB3 is upregulated in liver, pancreatic b-cells, skeletal muscle and adipose tissue 
in patients with insulin resistance or type 2 diabetes [17]. TRIB3 regulates glycogen 
synthesis by affecting AKT signaling in the liver and in muscle cells TRIB3 has been 

shown to regulate insulin sensitivity and glucose homeostasis [18, 19]. Furthermore, 
TRIB3 expression is also trigger by amino acid availability in the liver [20] suggesting 
a role in amino acid metabolism as well. TRIB3 seems to regulate many different 
aspects of cellular metabolism and whether is a potential target for patients with 
type 2 diabetes is still unclear and perhaps the answer relies on the specific tissue 
we look at. 

Since AT dysfunction is the first step in the development of insulin resistance, we 
focused on understanding the role of TRIB3 on this tissue by using a combination 
of in-vivo and in-vitro approaches. We showed that ablation of TRIB3 in mice results 
in increase adiposity, this difference in AT mass was found 12 weeks old animals 
that had not been challenge with an obesogenic diet. Is important to highlight 
that these animals were not metabolically unhealthy as shown by the insulin and 
glucose tolerance tests. This suggests a very fundamental role of TRIB3 in adipocytes 
controlling proliferation and expandability of these cells. TRIB3 plays an important 
role in immune cells and AT-resident immune cells have been shown critical for 
AT function [21, 22], we could however show that the AT dysfunction that we 
appreciated was consequence of the role of TRIB3 in the adipocytes a not in the 
immune cells, as we showed that downregulation of TRIB3 in 3T3-L1 adipocytes led 
to impaired lipid profile in line with the altered lipid handling phenotype appreciated 
in the in vivo model. We used a combination of MS-based proteomics approaches 
discussed previously to show that adipose TRIB3 functions as a signal integrator 
molecule, modulating the response to external stimulus like insulin and growth 
factors. TRIB3 achieves this by interacting with serine/threonine kinases involved in 
signal transduction and with transcription factors such as ATF4 and ATF7. 

Particularly interesting is the interactions between TRIB3 and ERK3/MAPK6, a non-
previously reported interaction of TRIB3. This atypical mitogen activated protein 
kinase (MAPK) was found in the AP-MS experiments in IBA cells and also in the 
phosphoproteomics where ERK3 Serine-189 was differentially regulated upon 
TIRB3 overexpression. This phosphorylation has been linked to promote entry in 
the cell cycle but more importantly the association between ERK3 and MAPKAPK5 
(responsible of such phosphorylation [23]) have been shown to regulate lipolysis in 
adipocytes [24]. ERK3-/- mice exhibit lower adiposity and improved insulin sensitivity 
and disruption of the ERK3-MAPKAPK5 complex in the adipose tissue specifically 
resulted in reduced adiposity and improved metabolic parameters [24, 25]. The exact 
nature of the interaction between ERK3 and TRIB3 remains to be fully elucidated as 
TRIB3 could be promoting degradation of ERK3 or promoting the assembling of the 
complex between ERK3 and MAPKAPK5.  
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In addition, multiple transcription factors were found interacting with TRIB3 in 
adipocytes, including ASH2L member of the WRAD complex and involve in H3K4 tri-
methylation [26, 27]. In chapter 6 we investigated in detail the interaction between 
TRIB3 and the WRAD complex and is not a surprise that this role of TRIB3 is conserved 
in multiple cellular settings.

Moreover, the upregulation of TRIB3 in adipocytes resulted in big changes in the 
phosphoproteome of these cells. Several transcription factors including; ATF7, 
STAT3, ATF4 and ERF, a transcriptional repressor often associated with MAPK1 [28, 
29], were found differentially phosphorylated upon TRIB3 expression. Our data 
suggest that TRIB3 function as a signal integrator molecule, interacting with different 
signaling cascades that are downstream of membrane receptors and with TF that 
are downstream those majors signaling cascades. Adipocytes sense the nutrient 
availability and different hormone levels of the body and are able to respond to that 
and regulate whole body metabolism, different membrane receptors that converge 
in mayor signaling cascades such as insulin signaling or ERK pathway are connected 
to TF that activate or inhibit transcriptional programs that trigger glucose uptake 
or lipid synthesis for example. TRIB3 seems to act as a facilitator of communication 
between the external stimuli and the transcriptional response. 

3.	TRIB3-AKT interaction: more than just an inhibition
The study of Tribbles function has always been linked to AKT is some way, perhaps 
because of the capital importance of AKT signaling in cancer and insulin resistance 
or perhaps because the role of TRIB3 as an inhibitor of AKT was one of the first 
mechanism of Tribbles that was discovered. In any case, the tag of TRIB3 as an 
inhibitor of AKT phosphorylation is always present in most Tribbles studies. Little 
matter contradictory data where studies have failed to find any link between 
TRIB3 and AKT phosphorylation or studies were the role of TRIB3 seems to be the 
opposite and is able to enhance AKT phosphorylation [30]. What all these different 
results suggest is that the exact nature of the interaction between TRIB3 and AKT 
remains to be fully elucidated. What is not often mention is that TRIB3 localization 
appeared to be nuclear in most cellular settings, and when AKT reaches the nucleus 
is already been phosphorylated by PDK1 and mTORC2. AKT is phosphorylated in 
the plasma membrane and although there are some indications that drosophila 
Trbl might have some membrane localization researches have failed to show any 
membrane localization for TRIB3 in mammalian cells. The need for better tools to 
study TRIB3 localization, for example with high-quality antibodies, is crucial in this 
regard. Commercially available TRIB3 antibodies seems to be very cell type specific, 
detecting a protein in some type of lysates and not others. This might be the result 

of different post translational modification (PTM) status of TRIB3 between these 
conditions, PTM can mask the epitope that antibodies are able to recognize making 
them unable to bind the target protein. PTM have been shown to be cell type specific 
and our knowledge of Tribbles PTM status is very poor as so far there has not been 
described any. 

One of the most well-known mechanisms among pseudokinases is the regulation of 
the substrate specificity of kinases through direct interaction.  We have appreciated 
a glance of this in the phosphoproteomics data, were upregulation of TRIB3 led to 
changes in phosphorylation status of some AKT substrates, in particular PRAS40, 
one the first AKT substrates to be described [31]. There have been over 100 different 
substrates of AKT been described in literature and is only logical to think that the 
substrate specificity of AKT is somehow regulated, and TRIB3 could be part of this. 
AKT signaling has different outputs including, cellular proliferation, cell growth or 
changes in metabolism and the interaction between TRIB3 and AKT would skew 
AKT signaling into some of these directions. Our data is a clear step forward into 
elucidating the role of the interaction between TRIB3 and AKT, where we have 
showed that the interactions is a 2-point contact between the pseudokinase 
domain and C-terminal domain of TRIB3 and AKT and might help to clarify some 
of the discrepancies in the field. Anyhow, more research is needed to understand 
the nature of this interaction and if can be used as a therapeutic target in cancer or 
insulin resistance. 

4.	TRIB3 a new chromatin regulator
Tribbles plays an important role in a plethora of cellular processes and they able to 
do this by interacting with kinases, components of the ubiquitin proteasome system 
and transcription factors. Already one of the first discovered interacting partner of 
drosophila Trbl was the C/EBP homolog Slbo [4] a transcription factor involved in 
cellular differentiation [32]. The mechanism around the interaction between tribbles 
and C/EBP proteins is one of the most well understood, where Tribbles are able to 
promote the degradation of different C/EBP proteins depending on the cellular 
context through the interaction with the E3 ubiquitin ligase COP1 [33-35]. Among the 
different members of the Tribbles family TRIB3 is the one that have been associated 
more often with other transcription factors in recent studies. Recently, TRIB3 has 
been shown to promote breast cancer stemness through the association with 
FOXO1, preventing its degradation and enhancing FOXO1 transcriptional activity 
[36]. Is still unclear whether the interaction was maintained when FOXO1 is bound 
to the DNA or is only happening away from the DNA context. In addition, TRIB3 
has been shown to be able to interact with b-catenin and TCF4 in colorectal cancer 
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cells and in this study TRIB3 was found bound to these transcription factors when 
they were in complex with the DNA [37]. Finally, the interaction between TRIB3 and 
ATF4, a transcription factor involved in the cellular response to stress, has also been 
the subject of intense research [38]. Very recently studies have shown that TRIB3 is 
able to inhibit ATF4 transcriptional activity and, more importantly, ChIP-sequencing 
data of endogenously tagged TRIB3 have shown the ability of the pseudokinase 
to be bound to the DNA [39]. TRIB3 does not contain any canonical DNA binding 
motif so most likely is able to achieve this by interacting with other transcription 
factors. Our results clearly demonstrated that indeed TRIB3 can be found bound to 
chromatin (Chapter 6), DNA pull downs followed by mass spectrometry could answer 
the question of what other proteins are in complex with TRIB3 when is bound to the 
DNA.  We found that TRIB3 can bind to the WRAD complex and specifically to the 
win domain of WDR5. We found components of the WRAD complex as interactors of 
TRIB3 in HEK293T, MCF7, BT474 (data not shown) and IBA cells, indicating that this 
is a general mechanism of TRIB3 rather that a specific role in breast cancer cells. We 
found that previous interactome studies of different subunits of the MLL and NuRD 
complex have found TRIB3 as interactor of some subunits, particularly BAP18 [40], 
a subunit that can take part in both complexes. All together this suggest that TRIB3 
is a subunit of these major transcriptional regulatory complexes and the reason as 
why is has not been discover previously might be because TRIB3 is only present on a 
relatively small fraction of these complexes. The exact role of TRIB3 as part of these 
complexes is still unclear but we have demonstrated that can influence H3K4me3 in 
cells. ChIP sequencing experiments of TRIB3 could help answering some of these 
questions. If we speculate about the role of TRIB3 as transcription factors and we 
take into account some the findings presented above, that situate TRIB3 as a signal 
integrator between external stimulus and transcription factors responses, this role of 
TRIB3 might be part of the same process. Cells need to adapt very quickly to changes 
in their nutrient availability and specially adipocytes and liver cells, cell types in 
which it has been shown that TRIB3 is upregulated upon low levels of glucose or 
aminoacids [20, 41]. In this situation cells need to change their transcriptional 
programs to rely less on the low-abundant glucose and start using lipids as well 
as generate the appropriate endocrine response that will allow the body to keep 
functioning on this starvation conditions. In this case TRIB3 might facilitate the re-
localization of MLL/NuRD complexes to gene loci that need to get quickly express 
or remove the complex from genes that need to get repressed. Cellular metabolism 
plays a critical role regulating chromatin dynamics, it has been shown how different 
metabolites are substrates needed for posttranslational modifications, for example 
acetylation of histones, that massively impact gene expression [42]. TRIB3 is a 
nutrient sensor that its expression and possibly its function its regulated by different 

nutrients availability, TRIB3 through the newly discover interaction with the WRAD 
complex can then regulate the epigenome of the cells. This could represent a new 
mechanism on how cellular metabolism can impact epigenetics, however the exact 
role of TRIB3 as epigenetic regulator remains to be elucidated. 

5.	Tribbles in cancer: druggable or undruggable?
As already mentioned, the associations between Tribbles and cancer are strong 
and are present for all three TRIB family members [8]. Some of these associations 
are TRIB1 with prostate cancer [43], breast cancer [44] and acute myeloid leukemia 
[45]; TRIB2 has been associated with melanoma and leukemia [46, 47] and TRIB3 
with breast, lung and renal cancer among others [36, 48, 49]. There is not a single 
mechanism that drives Tribbles tumorigenesis as their functions are tremendously 
cell type specific, depending on the cellular context Tribbles act as oncogenes or 
tumor suppressors [50]. 

Protein kinases are one of the most targeted groups of drug targets, since the first 
protein kinase inhibitor was developed 40 years ago the number of kinases targeted 
have grown rapidly [51]. Most of these small molecules target the ATP binding site of 
the kinase and few are allosteric regulators in both cases resulting in reduced activity 
of the enzyme. Protein kinase inhibitors have shown great results in cancer therapy 
and more than 150 new molecules are currently different stages of clinical trials [51]. In 
contrast, pseudokinases are currently not the direct drug target of any cancer therapy 
[52]. Nevertheless, there are some examples of pseudokinases that hold potential 
as drug target mainly due to their similarity to a well studies kinase or because it 
conserves a high affinity for ATP. Tribbles are none of the above, although some studies 
have some a very weak affinity of TRIB2 and TRIB3 for ATP [53] this remains to be 
formally validated. However, targeting Tribbles with allosteric regulators or with small 
molecules that enhance Tribbles degradation using a proteolysis targeting chimera 
(PROTAC)[54] are still an option that remains to be explored. In order to achieve this 
a number of problems will have to be overcome. First, the lack of crystal structures 
for TRIB2 and -3, without a detailed structure of these proteins would not be possible 
to design specific molecules to target them in any way. Secondly and perhaps more 
importantly, there is still a very limited understanding of the molecular mechanism 
behind Tribbles action as well as the cell type specificity. Further research is needed to 
understand Tribbles physiopathology and molecular links behind Tribbles associations 
in different cancers, the work presented in this thesis is a step on the right directions 
and might represent a stepping stone for the development of future therapies but 
the road ahead remains long.
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Summary

Adipose tissue (AT) regulates whole-body metabolism and energy homeostasis 
through the production and secretion of adipose-specific factors, the so-called: 
adipokines. Dysregulation of adipose tissue due to excessive and prolonged 
exposure to an over-caloric diet is a hallmark in the development of obesity and 
obesity-associated diseases like Type II Diabetes and cancer. Since the global 
obesity epidemic has not shown signs of declining, understanding the factors and 
signals that regulate adipose tissue function remains of critical importance for the  
scientific community. 

The three main players of this thesis are introduced in Chapter 1. Adipose tissue, 
pseudoenzymes and their role in biology, and finally, mass spectrometry-based 
proteomics which is the connecting thread throughout the rest of the thesis. 

In Chapter 2, the role of peroxisome proliferator-activated receptor gamma (PPARg), 
a member of the nuclear receptor superfamily, is summarized. With special emphasis 
on the different molecular mechanisms behind its function in different cellular 
contexts, such as adipocytes and immune cells. In addition, the role PPARg in cancer 
is explained in detail. 

Chapter 3 is focused on Tribbles and their interactome. Tribbles are highly conserved 
pseudokinases that play a role in many aspects of biology, from metabolism to 
immune cell differentiation. We hypothesized that the different set of proteins that 
interacts with specific Tribbles in a given biological context is what determines their 
role in that cellular context. We used a mass-spectrometry-based approach to study 
the interactome of these proteins and we discover and validate that TRIB3 functions 
as a transcriptional repressor. 

In Chapter 4 we use a multidisciplinary approach to study the role of TRIB3 in 
AT. We characterized the phenotype of the Trib3 knock-out mice, and we used a 
combination of -omics technologies (transcriptomics, proteomics, and lipidomics) to 
look at the molecular mechanism. Similarly, in Chapter 5, we combined in-vivo with 
in-vitro techniques to understand the role of FHL2 in adipocytes. We found that FHL2 
interacts with NFAT5 in early adipogenesis and that this signaling complex represses 
the adipogenic transcriptional program. 

Next, in Chapter 6 we validated the interaction of TRIB3 with the WRAD complex. 
The WRAD complex is the catalytic subunit of the histone writer SET1/MLL complex. 
This complex is responsible for histone H3 lysine-4 three-methylation (H3K4me3), 
a histone mark found in active promoters and link of transcriptional activation. We 
found that TRIB3 can regulate PPARg expression through the interactions with the 
WRAD complex and this signaling pathway might open the door to future therapeutic 
interventions in breast cancer patients. 

Finally, in Chapter 7 we studied the long-known interaction between TRIB3 and AKT. 
We used a combination of in-silico computational modeling and an in-vitro approach 
to map this interaction. We found a motif in the C-Terminal tail of TRIB3 that is pivotal 
for the interaction with AKT and might explain some of the controversies described 
during previous years.  Lastly, some of the conclusions and future directions of the 
work presented in this thesis are described in Chapter 8.
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Samenvatting

Vetweefsel reguleert het algehele metabolisme en energie homeostase van het 
menselijk lichaam door middel van productie en uitscheiding van vetweefsel-
specifieke factoren, zogenaamde ‘adipokines’. Verstoring van het vetweefsel door 
aanhoudende overmatige consumptie is een kenmerk van de ontwikkeling van 
obesitas en aan obesitas gerelateerde ziekten zoals diabetes type II en kanker. Omdat 
obesitas een mondiaal probleem vormt is het van wetenschappelijk belang om de 
factoren en signalen die de functies van het vetweefsel reguleren te begrijpen. 

De drie algemene componenten van deze thesis worden geïntroduceerd in 
Hoofdstuk 1. Vetweefsel, pseudo-enzymen en hun rol in biologie, en als laatste 
massa spectrometrie proteomics, wat de connectie vormt in de rest van de thesis. 
In Hoofdstuk 2 wordt de rol van peroxisome proliferator-activated receptor gamma 
(PPARg), een familielid van de nucleaire receptoren super familie, samengevat. De 
focus ligt op verschillende moleculaire mechanismen van de functie van PPARg in 
verschillende cellulaire contexten zoals adipocyten en immuuncellen. Bovendien 
wordt de rol van PPARg in kanker in detail besproken. Hoofdstuk 3 omvat de Tribbles 
psuedo-enzymen en hun interactoom. Tribbles zijn evolutionair geconserveerde 
pseudo-kinases die een rol spelen in vele aspecten van de biologie, waaronder 
metabolisme en immuun cel differentiatie. Wij hypothetiseren dat verschillende 
sets van eiwitten die met Tribbles interacteren in een gegeven biologische context, 
bepalend is voor wat de rol is in die cellulaire context. Met behulp van massa 
spectrometrie hebben wij het intreractoom van deze eiwitten bestudeerd en ontdekt 
dat TRIB3 functioneert als een remmer van transcriptie. Hoofdstuk 4 beschrijft 
een multidisciplinaire aanpak om de rol van TRIB3 te bestuderen in vetweefsel. 
We karakteriseerden een fenotype van Trib3 knock-out muizen en gebruikten een 
combinatie van -omics technologieën (transcriptomics, proteomics, and lipidomics) 
om te kijken naar de moleculaire mechanismen. Op vergelijkbare wijze bespreekt 
Hoofdstuk 5 een gecombineerd in in-vivo met in-vitro technieken om de rol van 
FHL2 in adipocyten te begrijpen. We ontdekten dat FHL2 vroeg in adipogenese 
interacteert met NFAT5 en dat dit complex de adipogenese-specifieke transcriptie 
programma remt. Vervolgens wordt in Hoofdstuk 6 de interactie van TRIB3 met het 
WRAD complex gevalideerd. Het WRAD complex is de katalytische sub-eenheid van 
het histon schrijver SET1/MLL complex. Dit complex is verantwoordelijk voor histon 
H3 lysine-4 tri-methylatie (H3K4me3), een histon modificatie die wordt geassocieerd 
met actieve promotors en transriptionele activatie. We vonden dat TRIB3 PPARg 
expressie kan reguleren door middel van interacties met het WRAD complex en dat 

dit mogelijk een interessant aspect is voor toekomstige therapieën en interventies 
voor borst kanker patiënten. Als laatste wordt in Hoofstuk 7 de al langer bekende 
interactie tussen TRIB3 en AKT bestudeerd. We gebruikten een combinatie van in-
silico modeleren en een in-vitro aanpak om deze interactie te analyseren. We vonden 
een motief in de C-terminale staart van TRIB3 die cruciaal is voor de interactie met 
AKT en mogelijk bestaande beschreven controversies van de afgelopen jaren 
verklaart. Conclusies en toekomstige directies van deze thesis worden beschreven 
in het laatste Hoofdstuk 8.
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