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Identification of the NF-jB inhibitor A20 as a key
regulator for human adipogenesis

A Dorronsoro1,3, V Lang2,3, E Jakobsson1, I Ferrin1, JM Salcedo1, J Fernández-Rueda1, K Fechter1, MS Rodriguez2 and C Trigueros*,1

The zinc-finger protein A20 is a key player in the negative feedback regulation of the nuclear factor kappa-light-chain-enhancer of
activated B-cell (NF-jB) pathway in response to multiple stimuli. Tumor necrosis factor alpha (TNFa), a cytokine with pleiotropic
effects on cellular proliferation and differentiation, dramatically increases A20 expression in all tissues. As TNFa inhibits
adipocyte differentiation, we have determined the contribution of A20 to the adipogenic capacity of human mesenchymal stromal
cells (MSCs). Here we show that A20 is constitutively expressed in MSCs, which previously has been observed only in cells that
are either tumor or immune cells (T/B lymphocytes). TNFa stimulation induced a rapid degradation of A20 protein mediated
exclusively by the proteasome in MSCs and not by caspases. This degradation is concomitant to the induction of its own mRNA,
which suggests that a tight regulation of NF-jB signaling in MSCs is fundamental. On one hand, we demonstrate that the
knockdown of A20-mediated transcript dramatically decreases the adipogenic capacity of MSCs, which correlates with the
phenotype observed in the presence of TNFa. On the other hand, A20 overexpression blocks NF-jB activation and drives to
increased adipogenesis, even in the presence of TNFa treatment. In conclusion, our data demonstrate that the presence of A20
allows MSCs to differentiate into adipocytes by maintaining NF-jB signaling at a basal state.
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Tumor necrosis factor alpha (TNFa) is a cytokine involved in
several processes in the cell and it has an important role in the
regulation of the immune system, apoptosis and inflamma-
tion. Dysregulation, and in particular overproduction, of this
cytokine has been implicated in a variety of human diseases.1

TNFa can activate the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) pathway via the TNFa
receptor.2 There are two known variants of the NF-kB
pathway, the canonical and the non-canonical, although
TNFa stimulation is known to trigger mainly the canonical
pathway. NF-kB is inactivated in resting cells by binding to any
isoform of IkB, a family of proteins that prevents signaling by
maintaining the NF-kB dimer in the cytoplasm. In stimulated
cells, the IkB kinase (IKK) complex becomes activated
leading to phosphorylation of IkB proteins, which are then
ubiquitinylated and targeted for degradation by the protea-
some. The released transcription factor NF-kB is subse-
quently translocated to the nucleus where it regulates the
transcriptional activity of a large number of genes.3

As for TNFa signaling, accurate regulation of NF-kB activity
is crucial to prevent a variety of diseases. There are several
mechanisms involved in NF-kB regulation, including the
negative feedback control by which NF-kB regulates the
transcription of its own inhibitors. Among these inhibitors are

the family of IkB and A20, also known as the TNFa-induced
protein 3.4 Although A20 is a ubiquitous protein, it is not
constitutively expressed in most cell types with the exception
of thymocytes, mature T cells and some tumor cells.5,6 In all
cell types, A20 transcription is rapidly induced by a large
number of stimuli, including TNFa,7,8 that triggers the binding
of NF-kB to two specific NF-kB-binding sites in the A20
promoter.4 A20, in turn, restricts the duration and intensity of
NF-kB signaling. The first function described for A20 was its
cytoprotective effect on TNF stimulation of cells, based on the
effect of A20 overexpression.8 This was later confirmed
genetically as A20� /� murine embryonic fibroblasts and
thymocytes were found to be more sensitive to TNF-induced
cell death than wild type cells.5 However, the anti-apoptotic
function of A20 is not a general feature, as A20 only protects
some cell types from specific death inducing agents. The
expression, biological activities, and mechanism of action of
A20 depend to a large extent on the cellular context. Although
a high expression of A20 is often linked to poor prognosis of
epithelial malignancies, A20 also functions as a tumor
suppressor in several B-cell lymphomas. A20 is composed
of two domains, an ovarian tumor (OTU) domain at the
N-terminus with deubiquitinase activity and a C-terminal
domain built up by seven zinc fingers contributing to its
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ubiquitin ligase activity. This dual ubiquitin-editing capacity of
A20 is involved in the inhibition of the NF-kB pathway.9,10

In addition, posttranslational modifications of A20 as well as
its interaction with ubiquitin binding proteins seem to be critical
for its function and activity.11,12

Adipose tissue has a fundamental role in the energy
homeostasis of the body and the differentiation of pre-
adipocytes to adipocytes is a tightly regulated process. Mature
adipocytes are derived from pluripotent mesenchymal stromal
cells (MSCs) that have the capacity to develop not only into this
cell type but also into chondrocytes and osteocytes.13–15 These
stem cells reside, among other tissues, in the stroma of the
bone marrow and under specific stimuli they undergo a
differentiation process in which the progenitor cells become
restricted to the adipocyte lineage. Inflammatory cytokines
seem to block the adipogenesis of MSCs,16 and in fact adipose
tissue dysfunctions such as obesity are frequently correlated

with elevated levels of TNFa.17,18 It has been described that
TNFa interferes with the homeostasis of adipose tissue in vivo,
affecting both the capacity to incorporate fatty acids and to
undergo lipolysis as well as the adipogenic process.18 In 3T3-
L1 cells, a mouse embryonic cell line that can differentiate into
adipocytes, TNFa has effects on adipocyte gene expression,
including suppression of genes essential for insulin respon-
siveness and selective induction of pre-adipocyte genes. The
same study demonstrated that TNFa-stimulated NF-kB activa-
tion is required for the repression of key adipocyte genes.19

Additionally, it has been shown that increased IKK activity
promotes insulin resistance in obese mice when the kinase is
overexpressed.20 Overall, these data clearly demonstrate the
relevance of TNFa-induced NF-kB activation in the home-
ostasis of the adipose tissue.
In this study we show that the TNFa/NF-kB signaling axis

regulates adipogenesis in human bone marrow-derived

Figure 1 TNFa inhibits adipocytes differentiation from MSCs. (a) Representative staining of lipid droplets by Nile Red. MSCs were induced to differentiate in the absence
(control media) or presence of adipogenic medium during 21 days. (b) Side-scatter fluorescence increase correlates with specific fluorescence Nile Red staining (region 1 and 2).
(c) MSCs cultured in the presence of increasing concentrations of TNFa. Percentages of mature adipocytes were determined by flow cytometry. Results show the
mean±S.D. of triplicate samples. **Po0.01, ***Po0.001. (d) Representative staining of side-scatter fluorescence in the presence/absence of TNFa. Lipid droplet
morphology is also shown (400� magnification). (e) Analysis of apoptosis in TNFa-treated cells induced to differentiate into adipocytes. The percentage of apoptotic cells
(Annexin V positive) was measured at 14 and 21-days post-induction by flow cytometry. Results show the means±S.D. of triplicate samples
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MSCs. Furthermore, we identify A20 as an important factor in
adipocyte differentiation. We demonstrate that A20 is
constitutively expressed in human MSCs and that its
presence facilitates MSCs differentiation into the adipocyte
lineage by the continuous inhibition of the NF-kB pathway.
We also show that in MSCs, TNFa stimulation induces a
temporary A20 degradation by the proteasome and that this
process is indispensable for the regulation of adipogenesis.

Results

TNFa inhibits adipogenesis in human MSCs through the
activation of the NF-jB pathway. In order to improve our
understanding of how TNFa affects adipogenesis via the
NF-kB pathway in humans, we studied the influence of this

cytokine in a human MSCs culture system. As shown in
Figure 1a, the adipogenic process results in the appearance of
a cell population characterized by an increased intensity of
both Nile Red and side-scatter fluorescence, which exhibit a
perfect correlation by flow cytometry analysis (Figure 1b).
MSCs cultured in the presence of TNFa concentrations
ranging from 0–20ng/ml, show that TNFa reduces the
proportion of adipocytes in a dose-dependent manner
(Figure 1c). Indeed, the percentage of adipocytes in culture
at the end of the differentiation process decreases from
50–60% in conditions with no or low concentrations of TNFa,
too10% with 5–20ng/ml TNFa. Mature adipocytes cultured in
the presence or absence of TNFa could not be distinguished in
terms of morphology (light microscopy) or complexity of the
lipid droplets (side-scatter) (Figure 1d). Analysis of cell death

Figure 2 NF-kB is important for TNFa induced inhibition of adipogenesis in MSCs. (a) IKKb and IkBa expression levels by real-time qPCR in transduced cells. IKK and
IkBa transcripts were ‘knocked down’ by specific shRNA with more than 80% efficiency. Relative transcript expression levels were normalized to IKKb and IkBa transcript
expression levels from pLV-empty vector infected MSCs, respectively. (b) Analysis of apoptotic cells in IKKb (upper panel) and IkBa knockdown cells in the presence/absence
of TNFa. The percentage of apoptotic cells (Annexin V positive) was measured at 6-days post-infection by flow cytometry. Results show the means±S.D. of
triplicate samples. (c) IkBa knockdown inhibits adipogenesis capacity in MSCs, which is consistent with the phenotype observed in the presence of TNFa, ***Po0.001. (d)
Percentage of GFP expression in IkBa transduced cells before (Day 0) and after (Day 21) adipogenesis differentiation period was analyzed by flow cytometry. (e) IKKb
knockdown rescues adipogenesis from the inhibition causes by TNFa. ***Po0.001. (f) Percentage of GFP expression in IKKb-transduced cells before (Day 0) and after (Day 21)
adipogenesis differentiation period in the presence/absence of 15 ng/ml of TNFa was analyzed by flow cytometry). Results show the means±S.D. of triplicate samples
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using Annexin V staining revealed no significant differences
on TNFa stimulation, thus excluding differences in apoptotic
rates as a cause for the decreased adipogenesis (Figure 1e).
These data taken together with our previous study, where we
demonstrated that differentiation of MSCs into adipocytes
requires inhibition of cell proliferation,21 indicate that TNFa
signaling interferes with the adipogenic capacity of MSCs.
Next, we wanted to see howmodulating the NF-kB pathway

affects the inhibitory effects of TNFa on adipogenesis. This
was done by performing the differentiation process in the
presence or absence of TNFa in MSCs in which inhibitor of
kappa B alpha (IkBa) or IKKb transcripts were silenced.
A GFP-expressing lentiviral vector (pLVTHM) was used to
transduce human MSCs at various multiplicities of infection
with a stable IkBa or IKKb-specific shRNA. As shown in
Figure 1b, shRNA-transduced MSCs (MSC-IkBi or MSC-
IKKbi) resulted in efficient reduction of the IkBa and IKKb
expression, respectively (Figure 2a). It is important to mention
that the absence of either transcripts did not correlate with
increased cell death, and this effect is independent of TNFa
treatment (Figure 2b). We observed that knocking down of
IkBa resulted in almost fivefold fewer adipocytes in trans-
duced (GFPþ ) MSCs compared with empty GFPþ control
cells after induction of the differentiation process (Figure 2c).
Thus, silencing IkBa showed similar effects as those observed
in presence of TNFa. In contrast, no significant effects are
observed in cells knocked down for IKKb in the absence of
TNFa (data not shown). However, the addition of TNFa to the
MSCs-IKKbi culture results in a decrease of adipogenesis in
GFP� cells similar to the control cells, whereas the
adipogenesis in GFPþ cells is only partially affected
(Figure 2e). Importantly, MSCs infected with the IkBi or IKKbi
(±TNFa) vector maintain the same ratio between GFPþ and
GFP� cells during the whole differentiation process
(21 days), suggesting that the knockdown of both transcripts
has no effect on cell death (Figures 2d and f, respectively).

In conclusion, these results show that the effect of TNFa on
the adipogenic potential of human MSCs is mainly due to the
activation of the NF-kB pathway by this cytokine.

A20 is constitutively expressed in MSCs. As A20 is one
of the main inhibitors of NF-kB and modulation of this
pathway significantly affects the adipogenesis, we checked
A20 expression in MSCs by RT qPCR and western blot.
Contrary to what is found in most cell types, the expression
analysis by RT qPCR reveals that A20 is highly expressed in
MSCs. Only low levels of A20 could be observed in 293Ts
and human skin fibroblasts (Figures 3a and b). We checked
this unexpected result by measuring protein levels in MSCs
from three different healthy donors by western blot. Figure 3b
shows that A20 protein was only detectable in those samples
from MSCs, whereas very low or undetectable protein levels
were found in 293 T and fibroblast. So far, constitutive
expression of A20 has only been described in certain cells
of the immune system and some tumor cell lines.11

The adipogenic stimulation gave rise to an important
reduction of A20 expression, although we could still detect
its expression during the whole culture period (day 7, 14 and 21,
Figure 3c). Next, we wanted to know if the constitutive
expression of A20 was due to the activity of NF-kB. We used
the ‘knock down’ of IKKb and IkBa in MSCs to find out if
modulation of the NF-kB pathway activity influenced the
expression of A20. A20 expression was again quantified
using RT qPCR. In MSCs where IKKb had been silenced
(MSC-IKKbi), and thus the NF-kB activity is abolished,
a reduction of the A20 mRNA expression could be observed
(Figure 3d). On the contrary, MSCs transduced with the
hairpin targeting IkBa, displayed an increased A20 expres-
sion (Figure 3d). As there are no changes in A20 expression
in MSCs transduced with the empty vector (MSC-pLV), this
data demonstrate that the constant expression of A20 in
these cells is dependent on the NF-kB activity.

Figure 3 A20 protein is expressed constitutively in human MSCs. (a) A20 expression levels by real-time qPCR in MSCs, fibroblast and 293 T cells. Relative transcript
expression levels were normalized to A20 transcript expression levels to human MSCs. (b) A20 protein analysis in three independent human bone marrow MSCs. Samples
were compared with primary fibroblast from human skin and 293 T cell line. A20 protein expression level was measured by western blot using extracts where A20 was
immunoprecipitated. (c) A20 expression during the differentiation process. A20 expression levels were measured by western blot in total cell extracts using the antibody for
A20. Sam68 was used as a loading control (d) A20 expression is dependent of NF-kB activation. IKKb (MSC-IKKi) and IkBa (MSC- IkBi) transcripts were ‘knocked down’ by
specific shRNA. Six-days post-infection MSCs were analyzed for A20 expression levels by real-time qPCR. Relative transcript expression levels were normalized to MSCs
transduced with the empty vector (MSC-pLV)
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TNFa induces degradation of A20 by the proteasome in
MSCs. Intrigued by the finding that A20 is constitutively
expressed in MSCs, we investigated how the expression of
this protein was influenced by TNFa in these cells. Therefore,
a time course experiment quantifying A20 protein and mRNA
levels in MSCs treated with TNFa was performed. To our
surprise, the protein analysis revealed that the stimulation
with TNFa does not induce an increase of A20 expression as
in most cells but rather a rapid and temporal decrease of the
A20 level is observed (Figure 4a). Besides, the quantification
of mRNA showed that TNFa rapidly induces an increase in
the A20 mRNA expression and maintains the levels during
the whole time of the experiment (Figure 4b). A similar
decrease of A20 levels can also be observed on T-cell
receptor (TCR) stimulation with CD3/CD28 in T cells.
This decrease depends mainly on the paracaspase

mucosa-associated lymphoid tissue lymphoma translocation
protein 1 (MALT-1), which induces a cleavage of A20 and
therefore an activation of NF-kB pathway.22 Other studies
suggest that the implication of the proteasome as well in the
reduction of A20 induced after TCR stimulation.23 In order to
determine the mechanism involved in the decrease of A20 in
MSCs, the cells were treated with proteasome inhibitors
(MG-132 or epoxomycin) or a generic caspase inhibitor
(Benzyloxycarbonyl-Val-Ala-Asp (OMe)-fluoromethyl ketone,
ZVAD) before TNFa stimulation. The levels of A20 quantified
by western blot show that inhibition of the proteasome, but
not of caspases, impedes A20 degradation (Figure 4c).
These results indicate that stimulation of MSCs with TNFa
provokes the temporal degradation of A20 by the protea-
some at the same time as it induces de novo transcription
through the activation of the NF-kB pathway. Interestingly,
the regulation of A20 expression after TNFa stimulation in
MSCs clearly resembles the one observed for IkBa, although
with different kinetics.

Modification of A20 expression in MSCs affects adipo-
genesis. As the level of NF-kB activity influences adipocyte
differentiation and human MSCs show a constitutive expres-
sion of A20, we next determined the role of A20 in this
process. We tested MSCs differentiation in adipogenic
conditions after modulating A20 levels with vectors carrying
either A20 cDNA (MSC-pRRL-A20) or A20 specific shRNA
(MSC-pLV-A20i). As shown in Figure 5a, A20 is clearly
reduced as verified by western blot when MSCs are
transduced (495% efficiency) with pLV-A20i vector.
To provide further evidence of A20 implication, we measured
the induction of IL-6 expression as an indicator of NF-kB
activation.24 The reduction in A20 expression led to an
expected increase of NF-kB activation and resulted in a
marked upregulation of IL-6 expression in MSCs transduced
with pLV-A20i vector (Figure 5b). Subsequently, the effect of
reduced A20 levels on adipogenesis was investigated by
analysis of GFPþ and GFP� in MSCs transduced (B50%)
with the empty or A20i vectors. Results show that the
percentage of adipocytes in GFPþ MSCs, in which A20 has
been silenced, is significantly lower than in GFP� cells,
whereas cells transduced with the empty vector maintained a
comparable level of adipogenesis as non-transduced control
cells in the same cultures (Figure 5c).
In contrast to its well established role in repressing NF-kB

activation, the anti-apoptotic activity of A20 remains con-
troversial and appears to be specific to cell type and
stimulus.7,25–27 For this reason, we decided to check if the
A20 silencing could induce apoptosis in MSCs. As shown in
Figure 5d, the inhibition of A20 expression did not correlate
with increased percentages of apoptotic cells (MSC-A20i)
compared with MSCs transduced with the empty vector
(MSC-pLV). This result demonstrates that the impairment of
adipogenesis after A20 silencing is not due to increased
apoptosis, thus suggesting that it is a result of direct
interference with the adipogenic process.
On the other hand, pRRL-A20-transduced cells overexpressed

A20 protein (Figure 6a), correlated with a decrease in IL-6
mRNA levels even in the presence of TNFa when compared
with cells transduced with the empty vector (Figure 6b).

Figure 4 TNFa induced A20 degradation is dependent of the proteasome in
MSCs. (a) TNFa stimulation induced a degradation of A20 in MSCs. Cells were
stimulated with TNFa for the indicated time, and lysates were submitted to A20
immunoprecipitation to detect the level of the protein by western blot. (b) A20
expression levels by real-time qPCR in MSCs stimulated with TNFa for the indicated
time. Relative transcript expression levels were normalized to A20 transcript
expression levels to non TNFa-treated human MSCs. (c) TNFa-induced A20
degradation is dependent of the proteasome. Before stimulation with TNFa for the
indicated time, cells were pretreated with inhibitors of the proteasome (MG132 or
epoxomicin) or inhibitor of caspase (ZVAD). Lysates were submitted to an A20
immunoprecipitation to check the level of A20 in each condition
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These data clearly demonstrate the reduction of NF-kB
activity in MSCs overexpressing A20. To determine how
A20 overexpression influences adipocyte differentiation in
human MSCs we compared non-infected cells (GFP� ) with
cell transducedwith either the empty or A20 expression vector
(GFPþ ) in the presence or absence of TNFa. As shown in
Figure 6c, cells transduced with the empty vector (GFPþ )
generated the same percentages of adipocytes than non-
infected cells (GFP� ) indicating no effect from the viral
integrations. More important, there was a significant increase
in adipocytes from cell overexpressing A20 (GFPþ ) com-
pared with cells transduced with the empty vector (420%).
This shows that the overexpression of A20 results in a more
efficient adipogenesis. Interestingly, the presence of TNFa
that inhibited the adipogenesis in cell transduced with the
empty vector was partially but significantly reverted in cells
overexpressing A20 (Figure 6c), demonstrating that A20
counteracts the activation of NF-kB induced by TNFa. Taken
together, these results clearly show that the A20 has an
important role in the regulation of the adipogenic capacity in
human MSCs.

Discussion

In this report, we have studied the effect of TNFa on
adipogenesis in human MSCs and the mechanisms behind.
Adipogenesis is a tightly regulated process initiated by the
sequential activation of CCAAT/enhancer binding proteins

(C/EBPs) and peroxisome proliferator-activated receptor g
(PPARg). C/EBPb and C/EBPd are transiently induced by
cAMP and glucocorticoids and lead to the expression of the
main adipogenic transcription regulators C/EBPa and
PPARg. These two transcription factors then orchestrate a
large number of genes involved in the progression of the
differentiation process. TNFa is known to interfere with the
adipogenesis via inhibition of C/EBP and PPARg activity,
which will negatively influence the adipogenesis. A number
of signals downstream of TNFa have been linked to the
suppression of the activity of both transcription factors.
These include activation of ERK, JNK, IKKb and ceramide
synthesis.18,28–30 However, in this study we demonstrate
that TNFa also interferes with adipogenesis via the influence
of NF-kB activation, and in particular of A20 activity. The
lack of an inhibitor-dependent regulatory circuit (A20 knock-
down) leads to prolonged NF-kB signaling in MSCs, which
drives to limited adipogenic capacity. Vice versa, permanent
interruption of the NF-kB signaling pathway by A20 over-
expression produces an increase in the generation of
adipocytes. These data clearly demonstrate that the
presence of A20 exerts a pro-adipogenic effect in human
MSCs. This previously unknown mechanism provides
another factor in the complex process of adipogenesis.
However, further analysis is necessary in order to elucidate
the relationship between A20 and the main transcription
factors (PPAR and c/EBP) involved in this differentiation
pathway in MSCs.

Figure 5 A20 is essential for the adipogenic capacity of human MSCs. (a) A20 specific gene silencing by lentivirus-mediated shRNA. Four-days transduced MSCs were
collected and GFP expression was analyzed by flow cytometry (gray). Negative control: non-infected MSCs (white). Western blot analysis of A20 expression after specific
knock down (MSC-A20i). Protein expression levels were analyzed in total cell extracts. MSCs transduced with the empty vector were used to compare the efficiency from the
specific shRNA (MSC-pLV). Sam68 was used as a loading control. (b) Quantification by real-time qPCR of IL-6 after 6 days of culture in MSCs transduced with the empty
vector or with the specific A20 shRNA. (c) A20 knockdown induced an inhibition of adipogenesis in MSCs. MSCs showing B50% infection efficiency with either empty vector
(MSC-pLV) or pLV-specific shRNA (MSC-A20i) containing vectors were induced to adipogenic differentiation. Percentages of adipocytes were determined by flow cytometry.
Results show the means±S.D. of triplicate samples. ***Po0.001. (d) Analysis of apoptotis in cells where A20 expression was knocked down. The percentage of apoptotic
cells (annexin V positive) was measured at 7-days post-infection by flow cytometry (GFP positive). Necrotic cells were discarded by specific TO-PRO-3 staining. Results show
the means of triplicate samples
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Surprisingly, we have found that A20, an important negative
regulator of NF-kB signaling, is constitutively expressed in
MSCs. To our knowledge, this is the first time that constitutive
expression of A20 is observed in cells that are neither tumoral
nor related to the immune system. In most cell types A20 is
absent or expressed at very low basal levels; multiple NF-kB
activating stimuli quickly induce A20 expression via NF-kB
sites in the A20 promoter. It is believed that A20 acts as a
negative regulator that balances the strength and duration of
NF-kB activation. In T cells, on the other hand, A20 is highly
expressed at basal state and is reduced on stimulation of the
TCR. The constitutive expression of A20 in lymphocytes can
be understood as a security system to avoid the severe
consequences of an uncontrolled NF-kB activation and where
A20 is employed as a brake to prevent unspecific activation of
the pathway.23 In short, TCR stimulation triggers the cleavage
of A20 byMALT-1, which impairs the inhibitory function of A20
and adjust the NF-kB signaling in the T cell.22 An analogous
regulation of NF-kB signaling seems to exist in B cells.31 The
constitutive expression of A20 in MSCs is obviously regulated
in a different manner than in lymphocytes. Our results
demonstrate that the stimulation with TNFa induces

proteasomal degradation of A20 in MSCs, a regulatory
mechanism of A20 that has not been observed previously.
We could not observe any effect on the efficiency of TNFa-
induced A20 degradation after addition of caspase inhibitor,
although inhibition of the proteasome prevented the decrease
in A20 levels. Thus, in contrary to what is observed in
lymphocytes after TCR stimulation where A20 expression is
regulated mainly by MALT-1, and to a lesser extent by the
proteasome, the degradation inMSCs is induced by TNFa and
performed by the proteasome. A20 degradation observed
after TNFa stimulation is accompanied by induction of
transcription of its own mRNA due to NF-kB activation, which
suggests that a tight regulation of NF-kB signaling in MSCs is
fundamental. A complete molecular study of A20 in MSCs
could help to understand all the functions and regulation
mechanism of this protein, since at least its expression and
degradation in those cells are different.
The consequences of NF-kB activity are diverse, depend-

ing both on the cell type and on the stimuli received by the cell.
A complex network of regulatory mechanisms acts on several
levels of the pathway in order to achieve the correct response.
In the same way, A20 depends on various adaptor and

Figure 6 A20 overexpression stimulates the adipogenic capacity of human MSCs. (a) MSCs were transduced with the empty bicistronic expression vector pRRL (MSC-
pRRL) or containing the A20 cDNA (MSC-A20). Transduction efficiency was analyzed by flow cytometry (GFPþ cells). A20 overexpression was determined by western blot in
total cell extracts. Sam68 was used as a loading control. (b) Quantification by real-time qPCR of IL-6. MSCs overexpressing A20 transcript for 4 days were cultured for
additional 24 h in the presence or absence of 15 ng/ml TNFa. Relative transcript IL-6 expression levels were normalized to MSCs transduced with the empty vector cultured in
the absence of TNFa. (c) MSCs differentiation capacity is influenced by A20 overexpression. MSCs showing B50% infection efficiency were induced to differentiate into
adipocytes in the presence or absence of TNFa. Percentages of mature adipocytes from GFP� (white bars) and GFPþ (gray bars) cells (with the empty vector or A20-cDNA
expressing vector, respectively) after the induction period are represented. Results show the mean±S.D. of triplicates samples. ***Po0.001
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effector molecules to inhibit NF-kB, and thus functions
differently depending on the cell type or received stimuli.
Clearly, the inhibitory function of A20 on NF-kB signaling is
different in MSCs than in most other cells, as A20
is constitutively expressed and its level after stimulation is
differently regulated. In this sense, this study demonstrates for
the first time that A20 exerts a protective role on MSCs by
influencing the adipogenic differentiation in the presence of
inflammatory cytokines.

Materials and Methods
Cell culture. Human bone marrow-derived MSCs were obtained from the
Inbiobank Stem Cell Bank (www.inbiobank.org) as previously described.21 Briefly,
cadaveric bone marrow was collected from brain-dead donors after informed
consent and under the Spanish National Organization of Transplant supervision
(Organización Nacional de Transplantes, ONT). Generated MSCs display a typical
CD29þ , CD73þ , CD90þ , CD105þ , CD166þ , CD146þ , CD34� , CD45� ,
CD14� , CD19� , and CD31� phenotype— a fibroblast-like morphology— and at
least trilineage potential, including osteocyte, chondrocyte, and adipocyte
generation.21 MSCs were cultured in low-glucose DMEM supplemented with
10% FBS, 2 mM glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin (all
from Sigma-Aldrich, St Louis, MO, USA). On reaching confluence, MSCs were
trypsinized and seeded at a density of 1� 103 cells/cm2. Cells were obtained at
passage three from the Stem Cell Bank. All experiments were carried out with
cultures of low passage (passage number four to eight). 293 T cells were obtained
from ATCC (www.atcc.org) and cultured in high-glucose DMEM supplemented
with 10% FBS, 2 mM glutamine, 100 U/ml and 0.1 mg/ml streptomycin. Fibroblasts
were obtained from the Inbiobank Stem Cell Bank (www.inbiobank.org), and
cultured in high-glucose DMEM supplemented with 10% FBS, 2 mM glutamine,
100 U/ml and 0.1 mg/ml streptomycin.

Gene silencing. shRNA expression vectors were constructed using standard
cloning procedures. The shRNA sequences have been published previously and
were purchased from Sigma-Genosys (St. Louis, MO, USA); A20i, AGTTGGATGA
AGCTAACTTAC (The RNAi Consortium, www.broadinstitute.org/rnai/trc); IKKbi,
GGAAGTACCTGAACCAGTTTG; IkBi, GAGTCAGAGTTCACGGAGTTC. Oligo-
nucleotides were annealed and cloned into pSUPER plasmid carrying a H1
promoter using BglII-HindIII sites. The H1-shRNA expression cassette was then
excised and cloned into pLVTHM (Addgene plasmid 12247, www.addgene.org)
using EcoRI-ClaI sites. Viral particles were produced as previously described by the
Viral Vector Platform at the Inbiomed Foundation.21 MSCs transduction was carried
out at a multiplicity of infection of four in order to achieve 50% infection and ten in
order to achieve 100% infection.

Gene overexpression. A20 was amplified from cDNA of purified T cells
using the following primers 50 ACAAACGAATTCATGGCTGAAGTCCTTC30 and
50GCCGAGGAATTCTTAGGGGCA-GTTGGGCGTTTC30 and cloned into pcDNA3
to obtain pcDNA3-A20. A20 was then subcloned into lentiviral vector pRRL.

RT qPCR. Total RNA was extracted using the RNAeasy extraction kit (Qiagen,
Valencia, CA, USA). cDNA was obtained using the GeneAmp RNA PCR Core kit
(Applied Biosystems, Carlsbad, CA, USA, N8080143G), following the manufac-
turer’s instructions. Quantitative PCRs were performed on these cDNAs using
Power SYBR Green PCR Master Mix (Applied Biosystems, 4367659). A20, IL-6,
IkBa and GAPDH were amplified using the following oligonucleotide pairs: A20,
GTCCGGAAGCTTGTGGCGCT and CCAAGTCTGTGTCCTGAACGCCC (97 bp);
IL-6, CCAGGAGCCCAGCTATGAAC and GAGCAGCCCCAGGGAGAA (71 bp);
IkBa, GATCCGCCAGGTGAAGGG and GCAATTTCTGGCTGGTTGG (102 bp);
and GAPDH, TGCACCACCAACTGCTTAGC and GGCATGGACTGTGGTCATG
AG (87 bp, Vandesompele et al., 2002). Reactions were carried out in a
Thermocycler Step One Plus (Applied Biosystems). Data were compared using
the DDCT method. GAPDH was used as a housekeeping gene control.

Adipocyte differentiation. MSCs were seeded at a density of 25 000 cells
per cm2 in low-glucose DMEM medium supplemented with 10% FBS, 2 mM
glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin (all from Sigma-Aldrich).
Once the cells had adhered (after 18–24 h) the medium was exchanged for fresh

medium supplemented with 1mM dexamethasone (Sigma-Aldrich, D4902),
200mM indomethacin (Sigma-Aldrich, I7378), 500mM 3-isobutyl-1-methylxanthine
(IBMX, Sigma-Aldrich, I5879) and when indicated with TNFa (R&D, Minneapolis,
MN, USA, 210-TA). The differentiation medium was refreshed every 2–3 days until
the end of the experiment at day 21. Once the differentiation was completed
the percentage of adipocytes in the culture was determined by flow cytometry.
Briefly, cells were trypsinized and washed with PBS. After fixation
(0.5% paraformaldehyde) for 15 min, cells were stained with 1 mg/ml Nile Red
(Sigma-Aldrich) for 30 min on ice.32

Protein analysis. For western blots, 105 cells were lysed for 30 min on ice
in 50 mM sodium fluoride, 5 mM tetra-sodium pyrophosphate, 10 mM beta-
glyceropyrophosphate, 1% Igepal CA-630, 2 mM EDTA, 20 mM Na2HPO4, 20 mM
NaH2PO4 and 1.2 mg/ml complete protease inhibitor cocktail (Roche, Indianapolis,
IN, USA). When indicated, cells were treated with MG132 (Sigma-Aldrich, 20 mM),
Epoxomicin (Enzo Life Sciences, Farmingdale, NY, USA, 50 mM) or ZVAD
(Enzo Life Sciences, 100mM) before TNFa (R&D, 15 ng/ml) stimulation, and lysed
as previously described.

Immunoprecipitation experiments were performed using Protein-G cross-linked
with the anti-A20 antibody. Western blot analysis was performed with the following
primary antibodies: mouse monoclonal anti-human IkBa (Cell Signalling
Technology, Beverly, MA, USA) and anti-human A20 (Calbiochem, La Jolla, CA,
USA) antibodies, and rabbit polyclonal anti-human Sam68 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).
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