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Redundant Control of Adipogenesis by Histone Deacetylases
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Adipocyte differentiation is a well defined process that is
under the control of transcriptional activators and repressors.
We show that histone deacetylase (HDAC) inhibitors efficiently
block adipocyte differentiation in vitro. This effect is specific to
adipogenesis, as another mesenchymal differentiation process,
osteoblastogenesis, is enhanced upon HDAC inhibition.
Through the systematic genetic deletion of HDAC genes in cul-
tured mesenchymal precursor cells, we show that deletion of
HDAC1 and HDAC2 leads to reduced lipid accumulation,
revealing redundant and requisite roles of these class I HDACs
in adipogenesis. These findings unveil a previously unrecog-
nized role for HDACs in the control of adipogenesis.

In humans, unused caloric energy resulting from an excessive
net caloric intake is converted to triglycerides and stored in fat
depots for further usage. In principle, the fat mass of these
depots can increase either by hypertrophy (an increase of adi-
pocyte size) or by hyperplasia (and increase in adipocyte num-
ber). It has been recently demonstrated that fat cell number is
primarily determined by early adulthood and that subsequent
changes in fat mass occur mainly through increases in adipo-
cyte volume (1). However, ~10% of fat cells are renewed annu-
ally in adults. The molecular mechanisms driving the turnover
of adipocyte tissue in adults are incompletely understood, but it
has been speculated that a combination of cell death and neo-
adipogenesis from mesenchymal precursor cells is responsible
for maintaining the fat cell number pre-set in early adulthood
(1).

Adipogenesis is a tightly orchestrated process in which mes-
enchymal precursor cells differentiate into mature fat cells and
express batteries of genes encoding enzymes involved in lipid
biosynthesis, transport, and storage. This process is under the
control of a cascade of well characterized transcription factors,
including C/EBPB,> SREBPs, and PPARY (2). Studies in cul-
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tured cells have shown that these adipogenic core transcrip-
tion factors interact with histone acetyltransferases, which
stimulate transcription by acetylating nucleosomal histones,
thereby relaxing chromatin structure (3). Histone deacetylases
(HDAC:), a conserved family of chromatin-modifying enzymes
that repress transcription by deacetylating nucleosomal his-
tones, also associate with these adipogenic transcription factors
(3), counteracting the functions of histone acetyltransferases.
Thus, in the classic model of adipocyte differentiation, HDACs
are thought to inhibit the adipogenic program by directly
repressing the transcriptional activity of pro-adipogenic tran-
scription factors (4).

There are five classes of HDACs that display distinct patterns
of expression, regulation, and substrate preference. Class I
HDACs (HDACI, -2, -3,and -8) are expressed in a wide range of
tissues and efficiently deacetylate histones (5). In contrast, class
ITa HDACs (HDACH4, -5, -7, and -9) display preferential expres-
sion in muscle and neural tissues and contain a divergent cata-
lytic domain that has minimal catalytic activity and is not
required for transcriptional repression. Class IIb HDACs
(HDAC6 and -10) are the main cytoplasmic deacetylases,
whereas Class III HDACs, also called sirtuins, are mainly
nuclear and use NAD as a substrate (5). Little is known about
the class IV HDAC, HDACI11 (5).

The activity of class I HDACs can be efficiently blocked by
pharmacological inhibitors (such as suberoylanilide hydrox-
amic acid (SAHA, Zolinza®)), and this inhibition is well toler-
ated in humans. In this regard, we and others have shown that
HDAC inhibitors prevent pathological cardiac growth and
remodeling in response to numerous forms of stress (6—38).
Recently, the FDA approved the HDAC inhibitor SAHA for the
treatment of cutaneous T-cell lymphoma (9). Many other clin-
ical trials have been performed to test the efficacy of different
HDAC inhibitors as anticancer agents (10). HDAC inhibitors
also enhance long term memory in animal models of dementia
and improve the symptoms in several models of neurodegen-
erative disease (11-14). Remarkably, HDAC inhibition has also
been reported to enhance lifespan in lower eukaryotes (15-17).
The precise mechanisms and molecular targets that mediate
these actions of HDAC inhibitors in vivo remain to be defined
and represent a major issue in the field.

In the course of studying the role of different HDAC isoforms
in development, we and others found that deletion of HDAC3
leads to a profound pro-adipogenic phenotype in liver and
heart, indicative of an inhibitory role of this HDAC in adipo-

reverse transcription; ORO, Oil Red O; MEF, mouse embryonic fibroblast;
SCFA, short-chain fatty acid.

JOURNAL OF BIOLOGICAL CHEMISTRY 14663


http://www.jbc.org/cgi/content/full/M109.081679/DC1

Redundant Control of Adipogenesis by HDAC1 and -2

A H&E D dium

ScriptA but rate SAHA

. - - - —
induction: - -+ 4+
drug:--+--+--+--+

E G
- 125- 1207
£ 100- G 1007
C C
o o
(&S] [&]
ke 8
o 501 o 901
= =
T S
o o
."u \ P ol ¢ 4 s & y 0
uninduced mduced induced induced: - + + T5SA10 |\2/|0 50100
+100nM TSA TSA: - - + L

oM 1nM TEM 10nM 50nM 100nM

20nM
H
- L 2257 . 1207
L |- c
8 g 1501 S
© © ©
5 501 b 100+ % 501
= = >
© T 507 ©
o o o
0- 0- 0-
0 0105 1 5 50 5001000 0105 1 5
ScriptAid (uM) Sodlum butyrate (uM) SAHA (uM

14664 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMBN  VOLUME 285-NUMBER 19-MAY 7, 2010



Redundant Control of Adipogenesis by HDAC1 and -2

nduced B Lentiviral infections of mouse

S

O uninduced embryonic fibroblasts were per-

M induced formed according to a modified ver-

125+  HInduced+drug sion of previously described meth-
ods (20). Briefly, 293T cells were
cultured in Dulbecco’s modified
Eagle’s medium supplemented with
501 10% fetal bovine serum and antibi-
otics. The cells were then trans-
fected with either GFP-CRE or
0- —y™ GFP-deleted CRE fusion vectors
188,?“4 SC?EMtAId S1TA|—|\|/|A using FUGENE (Roche Applied
Science). After 12 h of transfec-

100+

relative fat content

Cc uninduced induced induced+drug D tion, the cells were incubated with
7 uninduced fresh medium. At 36 h post-trans-
TSA M induced fection, the medium containing
100nM O Induced+drug the lentiviruses was collected,
= 1257 added with Polybrene (4 ug/ml),
% 100+ filtered, and transferred to the tar-
ScriptAid 3 get cells.
1uM = Primary, calvarial pre-osteoblasts
g 4 were isolated as previously de-
% scribed (21). In brief, murine pre-
= osteoblasts were isolated from

138’?'\/' Sc%'ithAid S1A"'\|AA 1.5-day-old pups and cultured
i a in Dulbecco’s modified Eagle’s

FIGURE 2. Different HDAC inhibitors block adipogenesis in multiple in vitro differentiation systems. medium containing 10% fetal
Different HDAC inhibitors (TSA, Scriptaid, and SAHA) block adipocyte differentiation in either 3T3-L1 cells (A . . _
and B) or mouse embryonic fibroblasts (C and D). In A and C, 3T3-L1 cells and mouse embryonic fibroblasts, bovine serum. After reaChmg con
respectively, were induced to differentiate using a hormone inducer cocktail for 8 days and treated with fluence, the pre-osteoblasts were
various HDAC inhibitors at different concentrations, as stated in the text. In B and D, the lipids accumulated  induced to differentiate for 14
within the cells were stained with Oil Red O and quantified by resolubilization with isopropanol. Size bars: 60

m. days using 50 ug/ml ascorbic acid,

10 mm B-glycerophosphate, and
genesis (18, 19). This prompted us to study the role of the dif- 100 nm dexamethasone. The calci-
ferent HDAC isoforms in this process. Here, we show that fied matrix deposited by the mature osteoblasts was visual-
pharmacological HDAC inhibition leads to a robust block of ized using silver nitrate staining. Briefly, cells were fixed in
adipogenesis in vitro. By genetic deletion of class I HDACs in  10% formalin for 10 min, stained with 5% silver nitrate, and
mesenchymal precursor cells, we demonstrate that HDAC1 refixed in 5% sodium thiosulfate for 5 min.
and -2 play redundant roles as positive regulators of To induce adipogenesis and accumulation of lipid droplets in
adipogenesis. 3T3-L1 and mouse embryonic fibroblasts, cells were cultured
EXPERIMENTAL PROCEDURES to confluence, and after 48 h (time 0) they were incubated with

_ ‘ o 1.72 pm insulin (Sigma), 625 nm dexamethasone (Sigma), 2 um
Cell Culture and Adipocyte Differentiation—3T3-L1 cells  yqgiglitazone (Cayman Chemical), and 0.5 mum isobutylmethyl-
were cultured in Dulbecco’s modified Eagle’s medium supple-

xanthine (Sigma) for 2 days. The cell culturing medium was
mented with 10% fetal calf serum and antibiotics. Mouse

A ; then supplemented with only 1.72 um insulin, 625 nm dexa-
embryonic fibroblasts were prepared from embryonic day - s
) ; . methasone, and 2 uM rosiglitazone for 6 additional days, chang-
(E) 12.5 embryos and cultured in Dulbecco’s modified

, . . 0 ing the medium every 48 h. Eventually, either TSA (Sigma),
fitgillfif)tr;::esdlum supplemented with 10% fetal calf serum and Scriptaid (Calbiochem), SAHA (Calbiochem), sodium butyrate,

FIGURE 1. HDAC inhibitors block adipogenesis in vitro. A, deletion of HDAC3 in cardiomyocytes leads to cardiomyopathy as shown by hematoxylin and eosin
staining of histological sections of wild-type and HDAC3-null hearts. B, lipid accumulation in heart tissue lacking HDAC3 visualized by staining with Oil Red O
(ORO) following a 24-h fasting. Red staining indicates the presence of neutral lipids. C, treatment of pre-adipocytes (3T3-L1 cells) with a hormone inducer
mixture for 8 days led to effective adipogenesis, which can be monitored by staining with ORO. Adipocyte differentiation is completely blocked by 100 nm TSA.
Size bars: 60 um. D, up-regulation of adipogenic marker genes in induced 3T3-L1 cells is blocked by incubation with TSA, Scriptaid, and SAHA but not sodium
butyrate as shown by RT-PCR for different markers of terminally differentiated adipocytes, such as hormone-sensitive lipase (LIPE), adiponectin (AdipoQ), and
adipocyte lipid-binding protein (aP2). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was detected as a control. E, quantification of adipogenesis in
3T3-L1 cells as shown in panel C by measuring the absorbance of resolubilized ORO. Treatment of 3T3-L1 cells induced to differentiate with 100 nm TSA causes
the almost complete block of adipocyte differentiation. F and G, reduced adipocyte differentiation at various concentrations of TSA shows a dose-response
correlation. H, treatment of 3T3-L1 cells with Scriptaid or SAHA causes the block of adipocyte differentiation in a dose-response manner. On the contrary,
treatment of 3T3-L1 cells with the short-chain fatty acid sodium butyrate enhances lipid accumulation.
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sodium propionate, or sodium acetate (Sigma) were added to
the medium as stated in the text.

Lipids accumulated within the cells were visualized by Oil
red O staining. Briefly, cells were fixed in 10% formalin for 10
min and stained for 2 h. Quantification of the amount of fat
accumulated in the cells was performed by resolubilization of
the Oil red O with isopropyl alcohol and spectrophotometric
reading of the obtained solution at 515 nm.

Histology—Tissues were fixed in 4% paraformaldehyde, em-
bedded in paraffin, and sectioned at 5-um intervals. Sections
were stained with hematoxylin and eosin using standard proce-
dures. For neutral lipid staining, hearts were fixed in 4%
paraformaldehyde, cryoembedded, stained with Oil red O, and
counterstained with hematoxylin.

Indirect Immunofluorescence—3T3-L1 cells were plated onto
glass coverslips and cultured until confluence. To detect
C/EBPp, post-confluent cells were induced to differentiate as
described above for 18 h and eventually incubated with 100 nm
TSA (Sigma). Cells were then fixed, blocked with bovine serum
albumin, and incubated with anti-C/EBPf primary antibody
(mouse monoclonal, 1:200 dilution, Santa Cruz Biotechnology)
for 1 h at room temperature. For BrdUrd labeling, post-conflu-
ent cells were induced to differentiate and incubated with 30
pg/ml BrdUrd for 4 h. Cells were then fixed, treated with 1.5 M
HCI, permeabilized, blocked with bovine serum albumin, and
incubated with anti-BrdUrd primary antibody (mouse mono-
clonal, 1:200 dilution, Roche Applied Science) for 1 h at room
temperature. Coverslips were then washed 5 times with phos-
phate-buffered saline, and incubated with fluorescein isothiocya-
nate-conjugated secondary antibody (1:200 dilution, Vector Lab-
oratories). After washing, coverslips were mounted on glass slides
using VectaShield mounting medium with 4',6-diamidino-2-phe-
nylindole (Vector Laboratories), and visualized with a fluores-
cence microscope.

Gene Expression Profiling and RT-PCR—Total RNA was
purified from cells using TRIzol reagent according to manufac-
turer’s instructions. Quantitative real-time PCR was performed
using TagMan probes purchased from ABI. A probe for 18 S
c¢DNA was used to normalize the amount of starting template
entering the amplification step. For RT-PCR, total RNA served
as template for reverse transcription using random hexamer
primers. Primer sequences are available on request.

RESULTS

HDAC Inhibitors Block Adipogenesis in Vitro—We have pre-
viously shown that deletion of HDAC3 in the heart leads to the
dysregulation of a gene program associated with fatty acid
uptake and oxidation leading to dramatic myocardial lipid
accumulation (Fig. 1, A and B). This phenotype is not seen in
cardiomyocytes deficient for either HDAC1, HDAC?2, or
HDACS, indicating that fatty acid and adipocyte homeosta-
sis might be under the control of distinct HDAC isoforms
(19, 22).

As a first step toward exploring the potential role of HDAC
activity in adipogenesis, we treated the 3T3-L1 pre-adipocyte
cell line with the pan-HDAC inhibitor trichostatin A (TSA).
Adipogenic induction of 3T3-L1 cells with isobutylmethylxan-
thine, insulin, and dexamethasone results in robust adipogene-
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FIGURE 3. Effects of fatty acids and HDAC inhibitors on adipogenesis
and osteoblastogenesis. A and B, treatment of 3T3-L1 cells with the short
chain fatty acid HDAC inhibitors sodium butyrate (1 mm) and sodium pro-
pionate (1 mm) enhances adipogenesis. This effect is completely abol-
ished by TSA (100 nm). The short-chain fatty acid sodium acetate also
enhances adipogenesis without having HDAC activity. C and D, primary,
calvarial pre-osteoblasts were isolated and induced to differentiate. Cal-
cified matrix deposited by mature osteoblasts was visualized using silver
nitrate staining. Size bars: 60 um. Expression of osteoblast-specific mark-
ers (Runx2, Osterix, Alkaline Phosphatase, and Osteocalcin) was determined
by quantitative real-time PCR.

sis within 8 days, which can be monitored by Oil Red O staining
(ORO) of lipid droplet accumulation. In contrast, the treatment
of 3T3-L1 cells with TSA led to a complete block of adipogen-
esis as measured by the lack of ORO-positive fat accumulation
and the failure to up-regulate the expression of adipocyte-spe-
cific marker genes, including hormone-sensitive lipase (LIPE),
adiponectin (AdipoQ), and adipocyte lipid-binding protein
(aP2) (Fig. 1, C-E). This inhibition was dose-dependent and
occurred at concentrations of TSA as low as 10-50 nm (Fig. 1, F
and G).

We next tested whether inhibition of adipogenesis is spe-
cific to TSA and 3T3-L1 cells or if it extends to different
inhibitors and different in vitro systems. In addition to TSA,
the HDAC inhibitors Scriptaid as well as the recently FDA-
approved inhibitor SAHA robustly blocked adipocyte differ-
entiation in 3T3-L1 cells (Figs. 1D, 1H, 2A, and 2B and
supplemental Fig. S1A) as well as in mouse embryonic fibro-
blasts (MEFs) (Fig. 2, C and D).

Fatty Acids Such as Sodium Butyrate Enhance Adipogenesis—
There is disagreement as to the role of HDAC inhibitors in
adipogenesis. Some reports have described an enhancement of
adipogenesis upon HDAC inhibition (23). Notably, in these
reports the authors use the short-chain fatty acid (SCFA)
sodium butyrate as an HDAC inhibitor (23, 24). Because SCFAs
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FIGURE 4. Time course analysis of adipogenic inhibition by TSA. A and B, 3T3-L1 cells were induced to
differentiate at day 0 with a hormone inducer mixture and treated with TSA (100 nm). Red bars in A are
representative of the duration of the TSA treatment. Quantification of the fat accumulated in 3T3-L1 cells
was performed by ORO staining and resolubilization of the dye bound to the lipid droplets within the cells
with isopropanol. Incubation of 3T3-L1 cells with TSA (100 nm) for the first 48 h of adipogenesis induction
mediated most of the inhibitory effect. Cand D, TSA leads to a dramatic reduction of proliferation during
the clonal expansion phase of adipocyte differentiation as measured by BrdUrd incorporation. C, immu-
nofluorescence in 3T3-L1 cells induced to differentiate into adipocytes using anti-BrdUrd antibody after a
4-h pulse with BrdUrd. Hoechst staining was used to visualize cell nuclei. D, quantification of the BrdUrd-
positive cells in C. E, transcriptional profiling of adipogenic marker genes shows that the TSA treatment
blocks the expression of PPARyand Fabp4 but does not reduce the extent of the up-regulation of SREBP-1¢
or C/EBP transcription.

have been described as pro-adipogenic (25, 26), we examined
the effect of butyrate and other SCFAs on adipocyte differenti-
ation. Indeed, treatment of 3T3-L1 cells with sodium butyrate

AC:EVON
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increased adipogenesis as measured
by ORO quantification (Figs. 1D,
1H, 3A, and 3B and supplemental
Fig. S1A). This effect, however, was
completely blocked by co-incuba-
tion with TSA. In addition, treat-
ment of 3T3-L1 cells with other
SCFAs such as sodium propionate
and sodium acetate increased adi-
pogenesis, and again this effect was
completely abolished by TSA (Fig.
3A). Of the tested SCFAs, sodium
propionate had little, and sodium
acetate had a negligible effect on
HDAC activity (27, 28), indicating
that the enhancing effect of SCFAs
on adipogenesis is independent of
an effect on HDAC activity.

HDAC  Inhibition  Enhances
Osteogenesis—To test whether the
inhibitory effect of HDAC inhibi-
tors was specific to adipogenesis or
represented a more general block of
mesenchymal cell differentiation,
we examined the effect of TSA on
primary pre-osteoblasts, which ter-
minally differentiate and secrete
mineralized matrix in vitro. Treat-
ment of pre-osteoblasts with TSA
enhanced differentiation, as mea-
sured by the production of silver-
stainable calcified matrix (Fig. 3C).
Additionally, expression of the
osteoblast markers Runt-related
transcription factor 2 (Runx2),
Osterix, Alkaline Phosphatase, and
Osteocalcin was increased upon
TSA treatment (Fig. 3D).

HDAC Inhibitors Act Upstream of
PPARy to Block Adipogenesis—
To define the temporal window in the
pathway of adipogenesis in which
HDAC inhibitors act, we performed a
detailed time-course analysis of the
actions of TSA on 3T3-L1 cells.
Treatment for the first 48 h after
induction almost completely
blocked adipocyte differentiation,
whereas treatment at later time
points had only minor effects (Fig.
4, A and B). In support of the evi-
dence that TSA acts early in the
cascade of events that define the
adipogenic program, TSA treat-
ment of 3T3-L1 cells led to a dra-

matic reduction of proliferation during the clonal expansion
phase of adipocyte differentiation, as measured by BrdUrd
incorporation (Fig. 4, C and D).
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FIGURE 5. Genetic deletion of HDAC1 and HDAC2 blocks adipogenesis. Primary MEFs with the indicated .

genotypes were generated and genetic deletion was achieved using lentiviral Cre delivery. In detail, MEFs with deletion of HDACI and -2 together
different combinations of floxed alleles for HDACT and HDAC2 were obtained from E12.5 embryos. Subse-  led to an almost complete block of
quently the MEFs were infected with Cre-expressing lentiviruses or deleted Cre-expressing lentiviruses. After 8 adipogenesis. In contrast, adipogene—

days of adipogenesis induction using a hormone inducer mixture, the MEFs were stained with ORO. The red
dye bound to the lipid droplets within the differentiated MEFs was resolubilized in isopropanol for the quan-

sis occurred normally when only

tification of fat accumulation. A, deletion of HDAC3, as well as deletion of up to three alleles of HDACT and  three of the four alleles of HDACI and

HDAC2, is not sufficient to significantly affect the extent of lipid accumulation within the MEFs. On the other

-2 were deleted. These results dem-

hand, deletion of all four alleles of HDACT and HDAC2 completely blocks adipogenesis. Efficiency of Cre-

mediated take-out was tested by RT-PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was onstrate that HDAC1 and HDAC2
detected as a control. B, ORO staining of uninduced MEFs, MEFs induced to differentiate into adipocytes, and redundantly control adipogenesis.
MEFs infected with either GFP-Cre-expressing lentiviruses (CRE) or GFP-deleted Cre-expressing lentiviruses

(A-CRE) after 8 days of adipogenesis induction. Size bars: 60 um. C and D, up-regulation of adipogenic marker DISCUSSION

genes in MEFs is blocked upon deletion of HDACT and HDAC2 after 8 days of induction of adipogenesis as

shown by RT-PCR and quantitative real-time PCR for different markers of terminally differentiated adipocytes, The results of this study reveal a
such as adiponectin (AdipoQ), hormone-sensitive lipase (LIPE), and adipocyte lipid-binding protein (aP2). .

GAPDH was detected as a control. The transcription of SREBP-1c and C/EBPB is not affected by the deletion of ~ UNIque and unexpected role for

HDAC1 and HDAC2 in MEFs after 8 days of induction.

We next profiled the expression of several adipocyte markers
by quantitative real-time PCR. Treatment with TSA led to a
significant down-regulation of the late adipocyte marker aP2
(adipocyte lipid-binding protein, also known as Fabp4). The
expression of PPARY, a mid to late marker of adipogenesis, was
also significantly reduced by TSA treatment. However, the ex-
pression of SREBP-Ic, as well as the expression of C/EBPS, an
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HDAC:s in adipogenesis. We have

shown that HDAC inhibitors

potently block adipocyte differentiation. Their action is medi-

ated, at least in part, by HDAC1 and HDAC?2, as deletion of

these isoforms leads to a complete block of adipogenesis in
vitro.

HDAC Inhibitors Specifically Block the Early Stage of

Adipogenesis—We have previously observed that deletion of

HDACS3 leads to a profound pro-adipogenic phenotype in car-
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diomyocytes (19). To further explore this phenotype, and the
involvement of HDAC:s in lipid homeostasis, we initially tested
pharmacological HDAC inhibition in an in vitro model of adi-
pogenesis. Unexpectedly, we did not see an enhancement of
adipogenesis but a complete block of adipocyte differentiation.
This is in contrast to previously published reports of enhanced
adipogenesis in pre-adipocytes treated with the HDAC inhibi-
tors sodium butyrate and valproic acid (23). We confirmed our
initial observation, namely that TSA blocks adipogenesis in the
3T3-L1 model, by using different HDAC inhibitors (i.e. TSA,
SAHA, and Scriptaid) in two different in vitro models (3T3-L1
cells and mouse embryonic fibroblasts).

When trying to reconcile our data with previously published
results we realized that valproic acid and sodium butyrate are
short chain fatty acids, a class of chemicals that has previously
been demonstrated to enhance adipogenesis. We thus hypoth-
esized that the adipogenic effect of valproic acid and butyrate is
due to their SCFA nature and not to the fact that these mole-
cules are also HDAC inhibitors. Indeed, when 3T3-L1 cells
were treated with valproic acid and butyrate we also observed
increased adipogenesis. However, adipogenesis was completely
blocked upon co-incubation with TSA, indicating that the pro-
adipogenic effect was not due to HDAC inhibition but to the
SCFA nature of valproic acid and sodium butyrate.

We next tested if HDAC inhibitors nonspecifically block
mesenchymal differentiation or if their effects are specific to
adipogenesis. We used osteogenesis as an alternative mesen-
chymal differentiation model and treated primary osteoblasts
with TSA. Strikingly, TSA treatment had no detrimental effect
on osteoblastogenesis but actually increased in vitro osteoblast
differentiation as measured by extracellular matrix calcification
and the up-regulation of osteoblastic marker genes.

Based on the time course for the inhibition of adipogenesis by
HDAC inhibitors, which seem to exert their action within the
first 48 h of induction, we conclude that this inhibition occurs
downstream of C/EBPS but upstream of PPARYy. We speculate
that HDAC inhibitors can block adipogenesis by affecting the
acetylation state of C/EBP, consequently causing C/EBPS to
be sequestered in transcriptional inactive chromatin regions
(supplemental Fig. S1E). Alternatively, HDAC inhibitors could
block adipogenesis by ultimately reducing the C/EBP3 DNA-
binding affinity and its transcriptional activation potential. To
rule out that the observed phenotype is due to toxicity of the
used drugs we used a genetic approach to delete HDAC iso-
forms in mesenchymal cells. Previous studies have shown that
HDAC1 and HDAC?2 often redundantly control gene programs
that govern cellular differentiation (5, 19, 22, 29). We thus used
MEFs with conditional alleles for HDAC1I and HDAC2 to delin-
eate the genetic requirement for HDACs in adipogenic differ-
entiation. The fact that only the deletion of HDAC1 and
HDAC?2 together, but not the deletion of either HDACI or
HDAC2 alone, causes a potent inhibition of lipid accumulation
within the MEFs upon induction of adipogenesis supports the
conclusion that HDAC1 and HDAC2 regulate adipocyte differ-
entiation in a redundant fashion.

HDAC inhibitors are one of the most surprising classes of
drugs, as they interfere with a core transcriptional process but
nevertheless display therapeutic benefit in a wide variety of
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clinical disease models. Additionally, they are well tolerated in
humans, even in formulations that nonspecifically inhibit all
class  HDACs (16). It is highly likely that the development of
isoform-specific inhibitors will lead to even better therapeutic
efficacy. Here we provide evidence that adipogenesis and adi-
pocyte homeostasis are under the control of HDAC1 and
HDAC2. It would be interesting to determine if this previously
unrecognized function of HDAC1 and HDAC2 could be effec-
tively targeted by isoform-selective HDAC inhibitors within a
clinical setting and whether lipid storage or metabolism are
altered in human patients undergoing HDAC inhibitor therapy.
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