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Adipogenesis is regulated by a com-
plex interplay between transcription 

factors, in concert with—among oth-
ers—transcriptional cofactors, signaling 
cascades and miRNAs. Several stud-
ies have implicated the transcriptional 
cofactor and acetyltransferase Tip60 
in PPARγ signaling and adipocyte dif-
ferentiation. Since Tip60 protein levels, 
but not mRNA levels, are upregulated 
during adipogenesis, and since Tip60 
can be degraded by the proteasome, we 
hypothesized that Tip60 protein may be 
stabilized through deubiquitination dur-
ing adipogenesis. Indeed, Tip60 is pro-
tected from proteasomal degeradation 
by the deubiquitinase USP7, which is 
particularly important for mitotic clonal 
expansion (MCE), an early step in adi-
pogenesis. Besides this novel role in early 
differentiation, earlier studies indicated 
that Tip60 is also important during the 
later stages of differentiation, indicating 
a dual role for this protein in adipogen-
esis. Our recent study sheds new light 
on the role of Tip60 in cellular differen-
tiation and provide new insights into the 
importance of a regulatory process that 
has not been studied intensively in adipo-
genesis: protein (de)ubiquitination.

Since adipose tissue is increasingly 
being recognized as a key regulator of 
whole-body energy homeostasis and con-
sequently as a prime therapeutic target 
for metabolic syndrome, adipocyte differ-
entiation and biology are under intensive 
study.

Adipocyte differentiation is regulated 
by a complex network of transcription 

factors, the activity and expression of 
which is regulated—among others—by 
transcriptional cofactors, signaling cas-
cades, and miRNAs.1 Increasing evidence 
shows that adipogenesis is a hierarchical 
sequence of molecular events: different fac-
tors are regulated at different time points, 
ultimately leading to increased expression 
and activity of the master regulator of adi-
pogenesis, PPARγ. A detailed understand-
ing of the chronological steps in adipogen-
esis is therefore essential to understand the 
role of adipocytes in energy metabolism 
and obesity-related human health prob-
lems like type 2 diabetes.

Many of the molecular mechanisms 
underlying adipocyte differentiation have 
been discovered using various preadipo-
cyte cell culture systems, the 3T3-L1 pre-
adipocyte cell line being the best known.2 
3T3-L1 is a clonal cell line derived from 
mouse 3T3 cells, selected on basis of its 
ability to differentiate into mature adipo-
cytes upon appropriate stimulation.3 This 
differentiation process can be divided into 
three phases: pre-adipocytes are first cul-
tured in normal medium till reaching con-
fluence, and second, the confluent adipo-
cytes are cultured for 2–3 d in the presence 
of a hormonal cocktail containing dexa-
methasone, glucocorticoid, and high dos-
age of insulin (Fig. 1). This period is also 
called mitotic clonal expansion (MCE) 
because the preadipocytes re-enter the cell 
cycle and undergo another two rounds 
of cell division. Third, cells undergo ter-
minal differentiation to become mature 
white adipocytes when cultured in the 
presence of media containing only insulin 
for another 3–10 d. During this period 
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many genes involved in lipid uptake (e.g., 
LPL, CD36, FATP), lipid droplet forma-
tion (e.g., Tip47, PLIN), lipogenesis (e.g., 
FAS), glycerol uptake (e.g., AQP7), and 
glucose uptake (e.g., Glut4) are upregu-
lated and lipid droplets appear.

Tip60: An Essential 
Transcriptional Cofactor  

in Adipogenesis

A number of transcriptional cofactors, 
non-DNA binding proteins that can acti-
vate or repress transcription (coactivators 
and corepressors, respectively), have been 
implicated in adipogenesis, by regulat-
ing the activity of PPARγ and/or other 
adipogenic transcription factors.4,5 In the 
absence of ligand, nuclear receptor core-
pressors like nuclear receptor corepressor 
protein (NCoR) and silencing mediator 
of retinoid and thyroid hormone receptors 
(SMRT) can bind to PPARγ and recruit 

histone deacetylases (HDACs) to repress 
transcription.6,7 Ligand binding alters 
PPARγ’s affinity for a number of coacti-
vators, which are involved in chromatin 
remodeling by histone modification and 
nucleosome mobilization, leading to the 
recruitment of the basal transcription 
machinery to PPAR target genes.8 Among 
others, PPARγ coactivators include SRC 
family members, the SWI/SNF chroma-
tin remodeling complex, and the mediator 
complex (also referred to as thyroid recep-
tor associated protein [TRAP]/vitamin 
D receptor interacting proteins [DRIP] 
complex). SRC belongs to the p160 fam-
ily. These proteins have weak histone 
acetyltransferase (HAT) activities while 
their main function probably lies in pro-
viding scaffolds upon which coactivator 
complexes are assembled.9 The coactiva-
tors they recruit include cAMP responsive 
element binding protein (CREB) binding 
protein (CBP)/p300. CBP/p300 complex 

possesses HAT activity and aids in remod-
elling chromatin to allow transcriptional 
activation.10 The SWI/SNF complex is 
thought to be targeted to nuclear recep-
tors by interaction with receptors, coacti-
vators or general transcription machin-
ery.10 This complex also functions in 
PPARγ-mediated transcription.11-13 The 
Mediator complex, a multi-protein co-
activator complex essential for most RNA 
polymerase II transcription, also con-
tributes to PPARγ-mediated transcrip-
tion by bridging this transcription factor 
to the basal transcription machinery.14-16 
More recently, we and others identified 
the acetyltransferase HIV-1 Tat interact-
ing protein 60 (Tip60), also referred to as 
K(lysine) acetyltransferase 5 (KAT5), as 
an essential cofactor in adipogenesis.17,18

Tip60 is a member of a small family 
of MYST acetyltransferases, named after 
its founding members MOZ, Ybf2/Sas3 
(yeast), Sas2 (yeast), and Tip60, which 

Figure 1. Protein (de)ubiquitination in adipogenesis. Indicated are the 3 stages of 3t3-L1 differentiation: growing to confluency, mitotic clonal expan-
sion (MCe), and terminal differentiation. Also depicted are selected transcription factors and co-regulators that are subject to (de)ubiquitination. 
Ubiquitin e3 ligases are depicted in red, deubiquitinases in green. Please note that trB2 itself is not an e3 ligase, but stimulates C/eBPβ ubiquitination 
through an unidentified e3 ligase.
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share a highly conserved MYST acetyl-
transferase domain, but display limited 
homology outside this region.19 Tip60 
can acetylate both histones and non-his-
tone proteins.19 Tip60 is part of a large 
multi-protein complex named NuA4,20 
implicated in many fundamental cellular 
processes like transcription, DNA dam-
age repair, cell cycle control, and apopto-
sis.21 In agreement with this, homozygous 
Tip60 knockout mice display embryonic 
lethality.22

We have previously identified Tip60 
as a PPARγ interacting protein.17 Chro-
matin immunoprecipitation experiments 
showed that the endogenous Tip60 pro-
tein is recruited to PPARγ target genes 
Fabp4 and perilipin in mature 3T3-L1 
adipocytes, but not in pre-adipocytes, 
indicating that Tip60 recruitment criti-
cally depends on PPARγ. Importantly, 
we showed that in common with disrup-
tion of PPARγ function, siRNA-mediated 
reduction of Tip60 protein impairs dif-
ferentiation of 3T3-L1 pre-adipocytes. 
Taken together, these findings qualify the 
acetyltransferase Tip60 as a adipogenic 
transcriptional co-factor.17 An interesting 
observation made at that time was that 
expression of the Tip60 protein, but not 
mRNA, increases during the first stages 
of 3T3-L1 differentiation, suggesting that 
regulation of Tip60 protein levels may 
play an important role in early adipogen-
esis. Data obtained in other biological set-
tings indicate that Tip60 can be degraded 
by the proteasome.23,24 We therefore 
wished to investigate the molecular mech-
anisms regulating Tip60 protein stability 
in adipogenesis.

Protein Ubiquitination  
and Deubiquitination  

in Adipogenesis

The regulation of protein stability, i.e., 
the balance between protein ubiquitina-
tion and deubiquitination, in adipogen-
esis has not been studied intensively so 
far. The ubiquitin-proteasome pathway 
is an important mechanism to regulate 
protein stability, in which proteins are 
first ubiquitinated through the subse-
quent action of E1 (activating), E2 (con-
jugating), and E3 (ligating) enzymes and 
then degraded by the 26S proteasome.25 

Substrate specificity of the ubiquitin-
conjugation system is mainly mediated 
by the E3 ligases, which can belong to 
the RING finger, the HECT domain, 
and the U box family.25 A general decline 
of proteasome activity is observed in adi-
pogenesis in 3T3-L1 cellular models.26 
This is consistent with the observation 
that during the early stages of differentia-
tion in human adipose-derived stem cells 
proteasome activity has been shown to be 
highest and it decreases as the stem cells 
become differentiated.27 At present only 
a limited number of E3 ubiquitin ligases 
and substrate proteins have been identi-
fied in adipogenesis (Fig. 1). Involvement 
of the ubiquitin-proteasome pathway 
in adipogenesis can be either negative, 
through degradation of pro-adipogenic 
players, or positive, through degradation 
of anti-adipogenic factors. Pro-adipogenic 
players that can be targeted by the ubiq-
uitin-proteasome pathway in adipogen-
esis include C/EBPβ, PPARγ, C/EBPα, 
and Tip60. Overexpression of TRB2, a 
non-enzymatic signaling intermediate 
that is downregulated in early adipogen-
esis, inhibits adipogenesis by reducing the 
level of C/EBPβ through a proteasome-
dependent way, but the E3 ubiquitin 
ligase has not been identified.28 C/EBPα 
is targeted for degradation by the E3 ligase 
F-box family member F-box- and WD 
repeat domain-containing 7 (Fbxw7).29 
Together with ring-box 1 (Rbx1), cullin 1 
(Cul1) and S-phase kinase-associated pro-
tein 1 (Skp1), F-box proteins like Fbxw7 
form SCF type E3 ubiquitin ligase com-
plexes.30 Fbxw7-mediated degradation of 
C/EBPα inhibits adipogenesis.29 Inter-
estingly, Fbxw7 has also been implicated 
in lipid metabolism and cell fate decision 
in mouse liver.31 Finally, PPARγ has been 
identified as a protein that is ubiquiti-
nated and degraded by the proteasome.32 
Very recently, the E3 ubiquitin ligase 
mSiah1, which also ubiquitinates NCoR1 
(see below), was shown to ubiquitinate 
PPARγ.33 While Tip60 is polyubiquiti-
nated on multiple residues and degraded 
by the ubiquitin-proteasome pathway in 
pre-adipocytes,34 the E3 ligase responsible 
remains to be identified.

Anti-adipogenic players that can be 
targeted by the ubiquitin-proteasome 
pathway include KLF2, NCoR1, and 

Rev-erbAα. KLF2 plays a negative role in 
adipogenesis by directly inhibiting PPARγ 
expression.35 A HECT-domain E3-ubiq-
uitin ligase, WWP1, interacts with KLF2 
in vivo and mediates both poly-ubiquiti-
nation and proteasomal degradation of 
KLF2. Thus WWP1 has a positive role in 
regulation of adipogenesis.36 The E3 ubiq-
uitin ligase mSiah1 targets NCoR1, a core-
pressor for PPARγ and other transcription 
factors,6 for proteasomal degradation.37 
Through regulating the interaction of 
TRα (thyroid hormone receptor α) and 
NCoR1, which has an inhibiting effect on 
the promoter of C/EBPα, mSiah1 plays 
a positive role in adipogenesis. The third 
anti-adipogenic factor that is targeted by 
the proteasome is Rev-erbAα, an orphan 
nuclear receptor.38,39 The Rev-erbAα pro-
tein is necessary for the early mitotic events 
that are required for adipogenesis. The 
subsequent reduction in Rev-erbAα pro-
tein, due to increased degradation via the 
26S proteasome, is also required for adi-
pocyte differentiation because Rev-erbAα 
represses the expression of PPARγ2, the 
master transcriptional regulator of adipo-
genesis.40 The E3 ligases Arf-bp1 and Pam 
(Myc-bp2) can ubiquitinate Rev-erbAα in 
hepatocytes, but it is unknown if they play 
a similar role in adipocytes.41

While the stabilization of protein 
expression through deubiquitination is 
under intense study in other research 
fields (e.g., p53 signaling in cancer42), very 
little information was available on such 
processes in adipogenesis until recently. 
The human genome contains 63 deubiq-
uitinases,43 but we identified only two 
major enzymatic activities in adipocytes: 
the cytoplasmatic UCHL3 enzyme and 
the nuclear USP7 protein.34,44 While the 
cytoplasmatic deubiquitinase UCHL3 has 
been implicated in adipogenesis and insu-
lin signaling both in vitro and in vivo,44-

46 its substrate(s) are currently unknown. 
Recently, we reported the adipogenic tran-
scriptional cofactor and acetyltransferase 
Tip60 to be a USP7 substrate.34

USP7 Deubiquitinates Tip60  
in Early Adipogenesis

Using an HA-tagged probe that cova-
lently binds active DUBs47 we identified 
USP7 as a major DUB activity in 3T3-L1 
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adipocytes and in WAT and BAT from 
mice.34 USP7 plays an important role in 
adipogenesis, as siRNA-mediated inhi-
bition of USP7 expression or treatment 
of cells with a broad range inhibitor of 
DUB activity through a small-molecule 
inhibitor decreased adipogenesis. One of 
the substrates of USP7 is Tip60: USP7 
interacts with Tip60 and deubiquiti-
nates this protein, resulting in increased 
Tip60 protein levels. Importantly, USP7-
mediated deubiquitination of Tip60 was 
also observed in vitro with purified pro-
teins, indicating that Tip60 is indeed a 
direct substrate. To identify which genes 
are regulated by this newly identified 
USP7-Tip60 pathway, knockdown of 
either factor was performed, followed by 
microarray analysis. Interestingly, a sub-
set of Tip60 target genes that were also 
controlled by USP7 were involved in cell 
cycle regulation. Knockdown of either 
factor resulted in impaired MCE (i.e., 
reduced cell division in the early stages 
of differentiation).34 Besides this novel 
role in early differentiation, earlier stud-
ies described above indicated that Tip60 
is also important during the later stages 
of differentiation, indicating a dual role 
for this protein in adipogenesis (Fig. 2). 
Interestingly, Dar et al. also recently 
reported that USP7 can interact with and 
deubiquitinate Tip60, and they show sta-
bilization of Tip60 to be required for an 
effective p53-dependent apoptotic path-
way.48 Together with our current findings 
in adipogenesis, these studies underscore 
the relevance of USP7-mediated Tip60 
stabilization in multiple independent bio-
logical pathways.

Conclusions

Our recent study reveals deubiquiti-
nation of a transcriptional coregulator 
(Tip60) to be a key mechanism in the 
regulation of early adipogenesis.34 While 
giving a first glimpse on the role of a 
USP7-Tip60 pathway in adipocyte differ-
entiation, it also gives rise to several new 
questions. First, our data suggest that 
the enzymatic activity of USP7 rather 
than its expression is upregulated during 
adipogenesis, but the underlying mecha-
nism remains to be established.34 Sec-
ond, as several different substrates have 

been identified for USP7 in other cellular 
models, it seem likely that also in adipo-
cytes USP7 substrates other than Tip60 
exist. Third, the critical Tip60 substrates 
in adipogenesis remain to be established: 
Tip60 may be partly responsible for the 
increased histone acetylation observed in 
specific key adipogenesis regulatory genes 
during adipogenesis,49 but Tip60 can also 
acetylate non-histone proteins. Finally, 
the in vivo relevance of the USP7-Tip60 
pathway should be addressed, which is 
hampered by the embryonic lethality 
observed in USP7 and Tip60 knockout 
mice.22,50 Taken together, our findings 
shed new light on the role of Tip60 in 
cellular differentiation and provide new 
insights into the importance of a regu-
latory process that has not been stud-
ied intensively in adipogenesis: protein 
(de)ubiquitination. Future studies are 

needed to identify the critical enzymes 
and substrates, followed by assessment of 
their in vivo relevance.
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