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ABSTRACT

Chromatin has a compéct organiZation in which most DNA sequences are .

. structurally inaccessible and ftjnctionally"inactive. Reconfiguration of the chromatir
required to a‘ctivate transCription. This reconfiguration is achieved by the» action ;Sf _
enzymes that covélently modify nucleosomal core histones, and by eniymes that. disrupt :

“histone-DNA interacfions via'ATP_ hydrolyéié.
| The SWI/SNF family of ATP-dependent Qhromatin- remodeling enzymes has

' been imblicated not only in gene activétion but also in numerous cel_lulér processes‘

including differentiation, gene repression, cell cycle control, recombihatio‘n and DNA
répair. PPARY, C/EBPo. and C/EBP are transcription factors with well established roles

in adipoéenesiS;‘ Ectopical expression of each of these factors in non-adipogenic cells is
sufficient to conveﬁ.them to adipocyte-like cells
To determine the requirements of SWI/SNF enzymes in adipocyte differeﬁtiation',-

- we jntroduced PPARY, C/EBP(x or C/EBPp into fibroblasts that inducibly express

dominaht-negative verSiohs of the Brahma-RéIated Gene 1 (BRG‘1_) or human Brahma

(BRM), which are the ATPase subunits of the SWI/SNF enzymes. We found that

- adipogenesis and expression of adipocyte genes were inhibited in the presence of
mutant SWI/SNF enzymes. Additionally, in cells expressing C/EBPo. or C/EBPB, PPARY '
expression}w.as SWI/SNF dependent. These data indicate the importange of these
remodeling enzymes in both early and late gene activation events. |

- Subsequently, we examined by chromatin immunoprecipitation (ChlP) assay the
functional role of SWI/SNF enzymes in ihe activation of PPARY2, the master regu.lator 6f

adipogenesis. Temporal analysis of factors binding to the PPARY2 promoter showed
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that SWI/SNF enzymes are required to promote preinitiatioh complex assembly and .
function. | | |

Additionally,‘ our studieé concentrated on the role of C/EBP family members in
" the activation of early and late genes duringadipo’cyte differentiation. During‘
adipogenesis, C/EBPf and & are rapidly and transiently expressed and are involved in
the expression of PPARy and C/_EBPoc,‘ which tdgéther activate the majority of the |
adipocyte g'e,nes. Our studies determined the temporal recruitment of. the C/EBP family
at the promoters of early and late genes by ChIP assay during adipocyte differentiation.
We found that all of the C/EBP members evaluated are present at the promoters of early
and Iate genes, and the b|nd|ng correlated with the kinetics of the C/EBPs expressmn
Binding of C/EBPB and 6 is tran3|ent, subsequently belng replaced by C/EBPoc. These
studies demonsirated that C/EB'PB and & are not only involved in the regulation of

PPARY and C/EBPq, but also in the activation of late expressed adipocyte genes.
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“chromatin, which is formed by association of the DNA with histones énd non histone

R TR AT

CHAPTERII

INTRODUCTION

1) Chromatin structure and transcriptional control
Many biological processes that take place in eukaryotic organisms such as cell

replication, deveiopment and cellular differentiation are highly regulated. During these

nuclear processes, precise temporal and spatial expression of specific genes is required.

However, in the nucle'us of edkéryotic cells, DNA is _ihaccessible and compacted into

proteins. Since DNA needs to be compacted in order to fit into the nucleuvs, cells face a

repressive énvir'onmeht, a highly packaged chromatin structure, which is responsible for

controlling the dynamics of DNA dependent processes.

The fundra'r_nent_alrrepeat' unit of chromatin is the nucleosome whiqh 'consists of
147 bés_e pairs of DNA wrapped around a histone octamer core,‘which ié comp'osed' of |
two copies of each of the histone proteins H3 .and H4, located at thevcenter of the core,
flanked by two H2A/HZB heterodimers (Fig. 1.1) (Kornberg and Thomas, 1974; Luger
and Hansen, 2005; Luger et al., 1997). Each of the core histones has a central domain

and a flexible tai'l domain located at the amino terminal (N-terminal) region; an additional

| carboxy terminal (C-terminal) tail is.aIs‘o found exclusively on histone- H2A. The central

domain contributes to histone-histone interactions inside the octamer and the tail
domains allow histones to interact with DNA and other proteins that control nucleosome

folding and function. In a}dditidn, these tails are also subjected to a considerable number

- of post-translational modifications which are critical for the regulation of the structural

and functional activities of the nucleosome. These enzymatic activities, which include

acetylation, phosphorylation, methylation, ubiquitination, sumoylation, ADP ribosylation,



Figure I.1. Nucleosome core patrticle: the 146 base pair DNA backbones is shown in

light green and light brown, histone protein H3 is shown in blue, H4 in dark green, H2A

in yellow and H2B in pink (Luger et al., 1997).




vglycosylation, biotinylation and carbonylation or §ome combination of thereof, are
impértant for mediating structural alterations between repressive and active chromatin .
état_es [Reviewed in (Luger and Hansen, 2005; Margueron et al., 2005) and refer_ence's
- therein]. Additional covalent-modificatiohs that occur in the central domain of the
histones havé recently been identified. A number of them are located at the Iat_ervélv
 surface of the nuéleosome where histone-DNA interactions occur. Th.ese modifications
‘may affect histone-DNA -inté'r_actions and ‘nucleosome positioning (Cosgrove et al.,
. é_004).
| ' The regulation of chromatin stfucture, as well as the regulatory’aspect's of |
-chromatin, is ndt only influenced by covalent modification of the histones but alsb by the
presence of specific histone variant proteins (for instance H3.3 and H2AZ, which are H3
and H2A variants, respectively). Evén though many aspects of the variant deposition
are still debated, it seems that histone variants contribute to the generation of functional
' domains_in the chroma'tin with different properties. For insténce, histone H3 variént
CENP-A which is located to centromeres, is essential for the formation of a functional
kinétochore in-all eukaryotes [Reviewed in (Cairns, 2005; Jin et al., 2005; Korber and
Horz, 2004; Peterson and Laniel, 2004; Sarma and Reinberg,‘2005)]. |
DNA wrapped around a series of nucleosome core particles that are separatéd
by 10-60 base bairs (bp) generates the 10 nm fiber, also known as “beads on a string”. ‘
This constitutes the first level of DNA organization inside the nucleus. At the next Ievél,
the nUcIeoéomal array is subsequently condensed into a secondary strubtUre knoWn as
the 3vO‘nm fiber, which is Stabilized by linker histones (e.g. H1, H5) (Carruthers et al.,
1998). How ére the nucleosomes organized within the 30 nm fiber? Although the in vivo |

30 nm organization has not been elucidated, a series of studies performed in vitro using



nucleosomal arrays have shown how packaging of the array depends on interactions

between the N-terminal tails of histone H4 from one nucleosome with the H2A/H2B

dimer of the adjacent one. These interactions can direct the connection of nucleosomes

_into a zigzag arrangement resulting in a “two-start helix” pattern under physioiogical

cbnditions (Dorigo et al., 2003; Dorigo et al., 2004;- Hansen, 2002). Although these

“studies are convincing, the possibility exists that other three-dimensional structures

coexist in vivo. Chromosomal architecture beyond the 30 nm fiber is still uncléar;
however it ié known thaf chromatin fiber can form qups that allow thé connection of two
distal regions of a particular gene. In addition, a number of nucleosome-binding proteins
such as MENT (myeloid énd'erythr_oid nuclear termination stage-specific protein) and
MeCP2 (methyl CpG binding protein 2), are also in_vblved in the formation of secondary
and tertiary chr,o_matin structures‘ that contribute to the further packaging énd stabilization
of the DNA [Reviewed in (Luger and Hansen, 2005) and references therein].

In a scenario where the highly cond_enéed DNA is inaccessible to gene regUIatory
proteins, cells have developed mechanisms that respond to specific signals that facilitate -
the remodeling of the chromatin structure, thus, alleviating the impediment ihposed by
chromatin and assﬁfing gene function. In contrast, when repression of é geneis
requi‘red, alteration of chromatin occurs in a way that results in a condehsed.énd

inaccessible chromatin structure. Two major classes of chromatin modifying enzymes

“have been identified so fér, including the histone modifying enZymes that covalently

modify histones, and the ATP-dependent chromatin remodeling enzymes that disrupt
histone DNA contacts in the nucleosomal core using the energy derived from ATP

hydrolysis.



Remodeling that involves'covaient modifif;ations, particularly at fhe Nand C-
termini of histone tails is mediated by a set.of enzymes, including histone acety!
tfansferases (HATSs), histone fnethyl transferases (HMTs), kinases, ubiq’uiti'nylases,

- sumoylases, and ADP-ribosyIa'ses. The' covalent modifications of the histone tails not
only alter thé chromatin st'ruct_ure,making it more accessible or inaccessible (d,epending
of the modificatioﬁ(s), but also allow chromatin to recruit regullatory p'rot'eins respvon.sible :

for fhe final outcomeé gene ab_tiva'_[ion br siiencing. The eniymes involved in feversing

'fﬁi‘stone mo_difications such as acetylation and methylation have been identified. They

' .include t‘he well known histone deacetylases (HDACs) and the recently discovered

.IySine-specifi.c demethylase (LSD1) [Reviewed in (Margueron et al., 2005; Peteréon and
Laniel, 2004; Schreiber énd Bernstein, 2002; Shi et al., 2004)].

| C(_)mbin'ati_ons of these covalent modifications are complex and it is believed that
they might influence the structure‘ of the chromatin or generavte binding sites for.
regulato‘ry factors that contain specific binding domains. For instance, transcriptién
factors and chromatin remodéling enzymes containing bromodomains that r_ecognizé

‘acetylatéd lysines and those containing sbme’ chromodomains reCognize méthylated
lysines (Berger, 2002; Brehm et al., 2004; Cosgrove et al., 2004; Zeng and Zhou, 2002).

The second class of bhromatin modifiers alters contacts between DNA and

histones using fhe energy from ATP hydrolysis. The first ATP-dependent chromatin
remodeling ehzyme identified was the yeast SWI/SNF complex (Winston and Ca_rlsoh,
1992). Thé complex was discovered in S. cerevisiae while studying the fegulation 6f the
gene'HO, which is involved in mating type switching and SUC2, which régulates the
growth on sudrose.- The mutations that affected the expression of HO (SW.I; for

switching defective mutants) and SUC2 (SNF: sucrose non fermenting mutants) resulted



in a similar phenotype, suggesting that these proteins might‘ work in a cbmplex. The link
between SWI/SNF and chromatin was established When the analysis of mutations that
suppressed SWI aﬁd SNF phehotypes resulted in the identification of genes that
~encoded histones and chromatin associated protéins. [Reviewed in (Imbalzaho, 1998;
FMQhrmann and Verrijzer, 2005; Sif, 2004, Srﬁith and Peterson, 2005) and references
therein]. The sequence analysis of the Swi2/Snf2 gene, the motor of the complex,
showed that_the cenfral domain of the protein is homologous to the later ident‘ified, SF2
superfamily of helicaées (Laurent et al., 1992). The Swi2/Snf2 protéin and its family
members do not display DNA unwinding activity, however, they all possess DNA-

- stimulated ATPase activity that is r‘e.quire'd for altering DNA-his‘tone‘ core contacts,
resulting, at Ieast‘in in vitro assays, in relocation of hucleosome_s, displacement of
histones or altefation of the nuclesome structure (Becke'r and Horz,.'2002.; Cote et al.,
1994; Flaus vand Owen-Hughes, 2004; Laurent et al., 1993; Narlikar et al., 2002;

Peterson, 2002).

2) The SWI/SNF superfamily of ATP-dependent chromatin remodeling enzymes.
The yeast SWI/SNF complex consists of eleven subunits (Tablejl), and its activity
is réquired for the regulation of the expression of constitutive ahd inducible génes.
Analysis of mutations of SWI/SNF have révealed that this complex is not only involved in
. gene expression but also in gené représsidn [Review in (Wahg, 2003) and references
therein). BiqchemiCaI analyses demonstrated thatFSwi1_, Swi2 (Snf2), Swi3, Snf5 and
v Snf6 and the subsequently identified SWPs (SWI/SNF-associated proteins) were indeed
components of the 1.14 MDa SWI/SNF complex which alfers the structure of the

nucleosome in an ATP dependent manner (Cairns et al., 1994; Peterson et al., 1994).
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After the discovery of the SWI/SNF complex, a second member_. of the family was
identified in yeast. The RSC (remodels the struetufe of chromatin) complex includes
fifteen 'polypeptides}some of which are highly homologous to the SWI/SNF subunits, and
~ moreover, two of the subunits, Arp7 and Arp9, are shared in both complexes.(TabIe )

‘[Reviewed in (Mohrmann and Verrijzer, 2005) anvd references therein). - Even though the
“remodeling activities of both cempl.exes are similaf in vitro, several subunits of RSC.are
essential for viability, including the ATPase subunit (Sth1). Whole genom'e analysis has.
shown that RSC activétes or represses the transcription of genes that are net regulated
by 'SWI/S'NF, thus yeast has two SWI2/SNF2 remodeling cofnniexes, the yeast SWI/SNF
(YSWI/SNF) and RSC [Review in (Mohrmann and Verriizer, 2005; Wang, 2003)].
Homologues of Swi2/Snf2 have been identified in Drosophila, mouse, frog, and
human'(Cairns_ et al., 1994; Wade et al., 1998). ’AII‘ of them share the sarne basic |
| structure, a catalytic subunit that contains an ATPase domain (related to the yeast
Swi2/Snf2), and each is associated with additional subunits that regulate the structure, |
function, and efficiency of the complex (Table I) (Cote et al., 1994; Laurent»et al., 1993). -
To date, the Swi2/Snf2 superfamily has been divided into four.families including
SWI/SNF, ISWI, CHD and Ino80 that were classified based on sequence hdmolOgy
within the ATPase subunit and also by the. presence of different domains outside the
ATPase region, which include the bromodomains, SANT domain, chromodomains, PHD
fingers, and TELY/GTIE motifs. These structural and functional domains are not limited
to ATPase subunits; they are also present in a number ef the associated subunits in the
remodeling complexes and in a number of chromatin binding proteins.
The additional domains vi/ithin the catalytic subunit might function by mediating

protein-protein interactions, targeting the remodeling complex to regulatory regions on




the DNA and/or stabilizing the interactions with chromatin, and mediating complex
formation (Fig.l.2) (Boyer et al., 2000; Eisen et al., 1995; Fan et al., 2005; Sif, 2004
Smith and Peterson, 2005).

The bromodomains, which are about 110 amino acids in size, are present in the
ATPase subunit of the SWI/SNF family members. This domain permits interaction with
specific acetylated lysines in histone tails, facilitating the targeting of the ATPase to
chromatin or perhaps allowing the interactions with other proteins that stabilize the
binding to chromatin. The SANT domain present in the ATPase subunit of the ISWI
family members is a small motif of approximately fifty amino acids. There is a high
degree of homology between this domain and the DNA-binding domain of the c-Myb
proteins. This domain is implicated in the targeting of the catalytic subunit to the
regulatory sequences via interactions with the unmodified histone tails, stabilizing the
chromatin-enzyme interactions. Two chromodomains are present in the catalytic subunit
of the CHD family, and these promote interactions with nucleosomal DNA in a histone
tail independent manner [Reviewed in (de la Cruz et al., 2005; Mohrmann and Verrijzer,
2005; Smith and Peterson, 2005)1.

In the next sections of this thesis the characterization of the SWI/SNF complex in
Drosophila and human will be presented. Additionally, it will mention the mechanisms of
remodeling, and finally it will be discuss the role of the complex in development and

differentiation.

2.1) Drosophila SWI/SNF complexes and subunits
After the identification of the SWI/SNF complex in Saccharomyces cerevisiae,

SWI/SNF related complexes were characterized in Drosophila melanogaster and then in
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ATPase Bromo

Brahma
(Swi2/Snf2, Sthi)

ISWI

Mi-2 (CHD)

Ino8o, Swr1 | | R |

Figure I.2. ATPases of the four main families of ATP-dependent SWI/SNF-related
chromatin remodeling enzymes: SWI/SNF, ISWI, CHD and Ino80. The ATPase domain

and other characteristic domains are shown (Mohrmann and Verrijzer, 2005).
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mammals. The Swi2/Snf2 protein in Drosophila is known as Brahma or Brm and was
identified in genetic screens looking for genes essential for embryonic development

(Dingwall et-al., 1995; Tamkuh et al,, 1992). The first purification of the Drosophila Brm

_ comp_IeX (dBrm) revealed that it consists of eight subunits. The Brm associated proteins,

also referred to as BAPs, were named according to their molecular weight as BAP_45,

BAP47, BAP55, BAL60, BAP74, BAP111, and BAP155. At least four of the subunits

'Brm, BAP155 (also known aé_ moira), BAP60 (Swp73/Rs6 .homolbg), and BAP45 (also
) é_zalled Snr1) are conserved in yeast and human; see below (Table 1).. In contrast,
- BAP111 is unique to higher eukaryotes and belongs to the HMG domain family of

- proteins (Fig. 1.3). A number of HMG ’domains contact DNA in a sequenée-dependent

manner, although the HMG motifs present in the BAP111 subunit bind DNA _

ihdépend_ently of _the DNA séquence (Mohrmann and Verrijzer, 2005; Papoulas et al.,

o 2001).- Later studies demonstrated that BAP111 interacts with Brm in vivo suggesting a

possible role of this subunit in the functional activity of the Brm and mammalian_

complexes (Papoulas et al., 2001). BAP74 is a HSP70 equivalent to HSC4_chaperbne;

BAPSS5 is an actin-related protein; BAP47 matched conserved regions of the actin-

related proteins ACT1 and ACT2 (Fig. |.3) (Papoulas et al., 1998).

Later, another subunit known as Osa (closest homolog to the yeast Swi1) was
identified as a component of the dBrm complex. Osa encodes a Iargé protein of
approximately 300 kDa that contains two domains, a putative DNA binding domain
(ARID: AT;rich interaction domain) which is also present in the yeast SWi1 'subunit,v and a
C.-terminal domain with highly vcon.se-.rved regions,_HRI and HRII. In addifion,'Osa
contains variént LXLL motifs (L: leucine; X: any amino acid), which are characteristic of

protein domains involved in ligand-dependent binding of hormone receptors to their co-




Figure 1.3. Domain architecture of Drosophila BAP and PBAP subunits. Proteins and
their structural modules are showed approximately to scale (Mohrmann and Verrijzer,

2005).
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activators (Fig. 1.3) (Collins et al., 1999; Inoue et al., 2002; Mohrmann and Verrijzer,

2005).
Recently, two novel subunits of the Drosophila Brm complex were purified and
- characterized by mass spectrometry: Polybromo and BAP170. The Polybromo subunit
contains 6 bfomo_domains', 2 BAH (bromo-adjacent homology) domains, a HMG box,
and 2 putative Csz zinc fingers (Fig. I.3); The presence of numerous bromo ddméins
‘possibly controls targeting of"_the complex vto regions of hyperacetylated chromatin.
) N‘evertheless, it is not possible to generalize sihce there are SWI/SNF complexes that do
' .not contain polybromo subunits and thése still localize to the same regions (Mohrmsnn
-etal., 2004; Mohrmann'and Verrijzer, '2005). BAH domains .have also been idenﬁfied in
Rsc1 and Rsc2, in DNA methyltransferases, and in other proteins implicated in'gene |
regulatfdn. The function of bbth domains in the polybromo subunits has not been
determined. The C,H, zinc fingers are known to mediate séquence-dependent DNA
interacti‘qns as wsll as protein-protein interactions (Mohrmann and Verrijzer, 2005).

The BAP170 subunit is present in many species. Structurally the protein
confains an N-terminus with an ARID domain, an LXXLL (L: Ieucihe; X: any amino acid) -
motifs which contributes to protein-protein interacti'ons, a regidn rich in the amins acids

. proline and glutamine, a region rich.in serine, and a C-terminus including two C,H, zinc
finger motifs(Fig. 1.3). As in the Polybromo subunit, BAF170 contains multiple conserved
motifs that mi'g‘ht‘ be important function in targeting. Biochemical analysis of the dBrm
associated‘ subunits revealed that in Drosophila there are two compIeXes one including
the Os_a subunit, known as BAP (Brahma Associated Proteins) and the sther'one
containing a pblybromo or PBAP (Polybromo Brahma-Associated Proteins) which is also

characterized by the presence of BAP170 subunit (Table 1) (Mohrmann et al., 2004;



Mohrmann and Verrijzer, 2005; Smith and Peterson, 2005).' Furthermore, the

composition of the dBrm complexes might vary in different stages during development.
'Using indirect immunofluorescence the distribution of BAP and PBAP complexes
~was determined in polytene chromosomes. The complexes exhibited an overlapping but
a different distribution pattern which suggests specific gene regulation by each complvex
(Mohrmann et al., 2004). It has not been reported yet how both complexes regulate

genes in vivo.

2.2) Human SWI/SNF complexes and subunits

- After the discovery of yeast Swi2/Snf2 and the Drosophila Brahma ATPase
subunits, two hurhan homologues, BRG1 and hBRM, were identified. BRG1 (Brahma
related gene 1) Was isolated by 'screening a human HeLa cell cDNA Iibrafy with the
Brahma cDNA probe (Khavari et al., 1993). Likewise, hBRM (human Brahma) was
isolated by screening a human liver cDNA library with a Drosophila Brm probe.
Simultaneously with the hBRM isolation, the mouse counterpart (mBrm) was obtained
from a lung cDNA library probed with a fragment of the ATPase domain from hBRM
(Muchardt and Yaniv, 1993). |

Initially the human SWI/SNF complexes were partially purified as two multi-

protein complexes '(A and B), each containing 7 peptides, and ATP-dependent
nucleosome disruption activity that facilftated the binding of trahscription fectors and the
TBP (TATA-binding protein) to nucleosomal DNA (Imbalzaho et al., 1994; Kwon‘ et al.,
19‘94).: Subsequent purifications demonstrated that the human complexes contained

either BRG1 or hBRM and consisted of 9 to 12 subunits depending on the cell type used

in the purification (Wang et al., 1996b). Like dBrm complexes, BRG1 is found as a
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component of two complexes, in 'huvman}referred to as complex BAF (BRG1-Associated

Factors) or hSWI/SNF-A and in complex PBAF (Polybromo-BRG1-Associated Factors)

or hSWI/SNF-B; BRM is found asa component in one complex, the BAF (Table I)..
The human subunits BAF170 and BAF155, which are highly homologous, were
purified, sequenced and cloned. The alignment of both genes with the yeast Swi.3

 revealed that all of them have 4 conserved regions in the proteins including a

“hydrophobic region, a tryptobhanfrepeat domain or SANT, .a leucine-zipper or coiled—éoil
'ffegion (identified- as dimerization domain) and a SWIRM (Swi3, Rsc8, and Moira)
' domain. The SWIRM domain is a cohserved domain of about 85 residues present in
- Swi3, Rsc8 and‘ Moira as well as other chromosomal proteins involved in chrométin
remodeling (Aravind and lyer, 2002; Qian et al., 2005). BAF170 and BAF1_55 form hetero
dr_homodirhers.» |

“The mouse BAF60 (mBAFa) was purified and sequehced before the human .

counterpart, and ponfirmed to be the homolog of the yeast Swp73 subunit. This subunit
contains the SWIB domain which is similar to the p53-binding domain of MDM2 and a
regi‘on present in some topoisomerases (Mohrmann and Verrijzer, 2005). The human
BAF60 includes 3 members, BAF60a, b and c, differing at therN-terminaI regioné which

. are expressed differentially in tissues. The human BAF60a, which is ubiquitqusly
expressed, is highly homologous:to the mouse (mBAF60a), and it has been shown tQ
copurify with BRG1. BAF60b is expressed in many tissues, but more so in pancreaé,
whereas BAFGOC is expressed particularly in muscle (Wang et a'l., 19965). | Recentlly, a
new isqform of BAF60c, BAF60c2, was identified. Both isoforms are expressed in a
number of tissues, and it has been found that they bind to several nuclear _receptOr_s an‘d |

transcription factors and enhance their activities (Debril et al., 2004).
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Another subunit, BAF47, obtained from rat liver, is the counterp_ért from the
previously identified h_uman INI1(integrase ioteractor 1), the homolog of the yeast SNF5
‘gene (Kalpana ot al;, 1994; Wang et al., 1996a; Wang et al., 1996b). BAF47 contains a
~ highly conserved domain with 2 direct repeats and a coiled-coil region. The human
BAF47 interacts directly with BRG1 and hBRM and these interactions mediate the
ATPase motorvactivity (Kalpana et al., 1994; Muchardt et al., 1995).

BAF45 and BAF53 were identified as B-actin and actin-related 'proteins
respectively; It has been proposed that BAF45 and BAF53 are required for the
aséociation of the SWI/SNF complex with chromatin/nuclear matrix. However, further
- studies Will be.necessarybto establish this directly (Zhao et al., 1998).

The clonihg of the human and mouse BAF57‘ subunit (BAP111 in Drosophila)
revealed that it contains 4 domains. Atthe Ni-termi_nqs are present a proline-rich re.gion
and a high-mobility-group (HMG) domain. At the C-terminus is found a kinesin-like
coiled-_coil domain and an acidic region. The BAF57 subunit does not have a yeast
homologue but it is a component of all mammalian SWI/SNF complexes (Papoulas et
al., 1998; Wang et al., 1998).

| The human BAF180 subunit, which is the homologue of the Drosophila
polybromo, was purified and cloried. BAF180 together with BAF200 (soe below) are
specific subunits of the PBAF complex. BAF180 contains the highly conserved
“structural domains, already described in Drosophila. Because the yeast Rsc1,2and 4 .
from the yeast Rsc'compblex contain two bromodomains and a BAH (Bromo Adjacent
Homology) region homologous to BAF180, it was proposed that Rsc1, 2 and 4 are the
closest relatives of the human BAF180 (Xue et al., 2000). Xue and colleagues proposed

that the presence of BAF180 and the absence of BAF250 (see below) in the PBAF



complex gives a structural and a functional specificity to the complex (Xue et al., 2000).

Therefore, BAF180 and BAF200 in PBAF and BAF250 in BAF might be critical

components that functionally. discriminate BAF from PBAF. It would be interesting to

_ determine if BAF180 and BAF200 are responsible for targeting PBAF to specific genes

in vivo.

Recently, BAF200 subunit was isolated by improved immunOpurifications _

'procedures using antibodies 'against BRG1, BAF180 and hSNF5. BAF200 is the
‘_'h0mologue of the Drosophlla BAP170 and it is an integral component of PBAF complex

‘ (Wang et al., 1996a; Xue et al., 2000). BAF200 contains in addition, a putative

se'quence-specific DNA binding region that is not present in BAP170. Similar to.
BAF 180, BAF200 contains various domains involved in DNA and protein-protein
interact.iens; which might permit the PBAF complex to be targeted to specific regions
(Yan et al., 2005). |

In reference to the Osa subunit, the cloning of two human Osa, hOsa1 and

- hOsa2 was reported. hOsa1 and hOsa2 are the largest subunits present in the human

SWI/SNF-A (PBAF) complex. hOsa1 and hOsa2 are approximately 60% identical and

contain the AT-rich DNA binding domain and a C-terminal region known as Osa

. homology domain that confers the abillty to interact with nuclear hormone receptors

(Inoue et al. 2002 Kozmlk et al., 2001). Likewise, the C-terminal domain is involved in
the interaction of hOsa1 and hOsa2 with BRG1 and hBRM. ImmunopreCIpitations using
HelLa nuclear extracts showed that hOsa1 and hOsa2 antibodies were able to preC|p|tate
BRG1.,v hBRM and other subunits, indicating that both hOsa1 and hOsa2 interact with

BRG1 and hBRM (Inoue et al., 2002).
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In summary, SWI/SNF complexes not only consist of many subonits but they also
exhibit signlficant variation in composition. We have seen that almost all of the subunits
have been structurally characterized in different organisms. The presence of conserved
~ structural domains in these subunits establishes the functional properties of the complex

’rhey form part of (Mohrmann and Verrijzer, 2005). Diverse roles for the SWI/SNF |
subunits have been proposed; oner potential function may be to regulate the motor |
activity of the ATPase subunit. In fact, at least four‘subbunits are needed to stirnulate the‘
BRG1 ATPase activity ih vitro to-levels comparable to the intact conﬁplex. These
subunits», Ini1, BAF155 arld BAF170 form; together with BRG1, a functional catalytic
core (Phelan et al., 1999)'. It is_interesling' that these minimal subunits are highly
conserved frorﬁ yeast through humans (see Table I)'(Marenda et al., 2004; Phelan et al.,
1999). it has been proposed tha_t the subunits of the cetalytic core rrlight .be assistirrg the
ATPase subunit either by increasing the affinity of the ATPase for nucleosomes,
stabilizing ‘a particular conformation that is_more active, and/or assisting remodeling
(Phelan et-al., 1999). Do these minimal subunits also constitute a catalytic core in vivo?
This question does not have a complete answer yet. Knockout mice for Brg1, Ini1 and
BAF155 were generated, showing that all are critical for development (See section 2.4).
Furthermore, some subunits of the complex have irldependent ‘functions and it is
possible that they ere involved in function‘s. other than remodellng, such as specific
_targeting through regulators or repressors, complex essemblihg, and/or controlling
complex.funotions (Lusser and Kadonaga, 2003; l\/larenda et al., 2004). Moreover,
different mammalian tissues contain SWI/SNF complexes that are heterogeneous in

subunit composition, indicative of specialized function [Reviewed in (Chi, 2004,
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Sudarsanam and Winston, 2000)]. Thus, further investigations are required in order to

precisely establish the role of each subunit within different complexes.

2.3) Mechanism of ATP-dependent chromatin remodeling

Even though there is clear involvement of ATP-dependent chromatin remodeling
enzymes in a variety of nuclear functions, the DNA-histone remodeling process has not
been completely revealed (Imbalzano and Xiao, 2004; Johnson et al., 2005; Smith and
Peterson, 2005). The studies of chromatin remodeling have been concentrated to in
vitro systems since in vivo studies are technically restricted.

The mechanism of remodeling is demonstrated by changes in the structure
and/or position of the nucleosomal DNA on the nucleosome that could be brought about
by disruption, sliding, dinucleosome formation or transfer of individual nucleosomes (Fig.
1.4) [Reviewed in (Imbalzano and Xiao, 2004; Johnson et al., 2005; Smith and Peterson,
2005) and references therein]. In addition, remodeling can cause removal or
replacement of histone dimers between nucleosomes [Review in (Flaus and Owen-
Hughes, 2004)]. How are these structural changes generated? A number of potential
mechanisms have been proposed to explain chromatin remodeling, however two major
models have been preferred , the twisting and the bulging or spooling models (Flaus
and Owen-Hughes, 2004; Smith and Peterson, 2005).

In the twisting model a small local twist disrupts histone-DNA contacts and
propagates through the length of the nucleosomal DNA, generating a change in the DNA
position in respect to the core histone. This model is consistent with the capacity of the

ATP-chromatin remodeling enzymes to create superhelical torsion. The bulge or looping




Octamer Remodeled Dinucleosome Octamer
Cis-displacement nucleosome formation trans-displacement
(sliding) structure (Octamer Transfer)
(nucleosome
disruption)

Figure 1.4. Models for changes in chromatin structure mediated by ATP-dependent

chromatin remodeling enzymes (Imbalzano and Xiao, 2004).
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model suggests that a region of the DNA is released as a loop from the nucleosome and

’ l ' it is propagated along the surface of the nucleosome (Imbalzano and Xiao, 2004; Smith
| and Peterson, 2005). Recently, Fan and colleagues proposed an alternative model

where the remodeler slides the histone octamer to a different position, via intermediates

that contain DNA loops on the histone surface. This occur, even though the remodeled

nucleosome is constrained by adjacent ones, indicating that a particular nucleosome can

be remodeled without affecting the structure of the surrounding ones (Fan et al., 2003).
Although experimental data support these models, there is some discrepancy.

Further investigations are necessary to clarify the mechanism of remodeling, specially

determining how remodeling occurs in vivo.

2.4) The mammalian SWI/SNF subunits in development and differentiation.
In order to determine the role in vivo of the SWI/SNF complexes in development,
targeted disruption of specific subunits has been generated in mice. In the next

subsections these results are presented.

BRG1 and BRM

Initial studies were focused on determining the pattern of expression of mBrg1
and mBrm during early mouse development at preimplantation stages. In mature
oocytes both genes are expressed, indicative of maternal contribution. Levels of mBrg1

mRNA continued to be high during the preimplantation period. Levels of mBrm instead

e R R TT

showed a decline from the oocyte to the 4-cell stage and an increase from the 8 cells to

the blastocyst stage and mBrm protein was limited to the inner cell mass at the

blastocyst stage. From this study it was evident that mBrg1 and mBrm likely have
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different roles regulating gene expression during early devellopment of rﬁammalian cells
(LeGouy et al., 1998).‘ To determine the Ievéls Qf expression at later stages in mouse
development, embrYos and extraembryonic tissues (yolk sack and alantoid) were ,
evaluated from 7.5 to 18 days. mBrg1 'protein was present at high concentrations in
both embryonic and extraembryonic tissues, however the levels of mBrm were 20 to 30
fold lower than the levels of mBr_g1.. After birth levels of hBrm protein exceeded thoée of
mBrg1in a h_umber of organs (Reyes et al., 1998)

Latef, the mBr.mvgene was inactivated by homologous recombination_ with the
pufpose of determining thé role of the mBrm-containing SWI)SNF complexes in vivo and
investigéting the functional differences between mBrg1 and mBrm. Surprising, mBrm
null mice were viable and developed and reproduced norm'ally.', However, these mice
expressed high levels of mBrg1 'protein in different _orgéns compared to Wild type rhice,
indicating that possibly a compensatory mechanism operated. In fact, it was found that _
a post-transcriptional mechanism of regulat_ioh was involved since the mRNA levels of | |
mBrg1 in homozygotes, heterozygotes and wild-type mice were similar. These results
indicated that mBrm and mBrg1 functions are in pért redundant (Reyes et al., 1998).

Although nuIvI mBrm mice seemed normal, they showed some di_fferent
characteristics than the wild type mice. mBrm (-/-) mice were heavier thian wild-type,

and proliferation of cells in liver was higher as well. Cultures of mouse embryonic

fibroblasts (MEFs) obtained from null mice did not arrest after confluence. Certain |

observations have suggested a role of mMBRM in GO arrested cells. These include the
high expression in adult mice in post-mitotic cell types, cell cycle arrested cells show
more Brm than exponentially growing cells, and downregulation of Brm expression has

been observed in transformed cell lines. These observations may point to a role for Brm



23

in the control of cell proliferation and terminal differentiation that cannot be compensated

by mBrg1 (Reyes et al., 1998).

In contrast with mBrm, a hBrg1 null mutation in mice is lethal and embryos die at

_ the peri-implantation stage. The in vitrd culture of recovered null blastocysts at day 3.5
(E3.5) showéd that they failed to hatch from their zona pellucidae of to stay alive '.in
' culture.: The absénce of mBrg1 causes a more general effect to the 'embryo tha'n‘the
'failljre to hatch. In fabt, the déath of thé erhbryos at early sfages and the failure of the.
) iﬁner cell mass (ICM) and the trophectoderm (TE) to survive was suggestive of the
| ‘réquirerhent of meg1 beyond the peri-implantation stage. This result indicates thaf
-mBrg1is essenﬁal for early embryogénesis, but, itis not a general cell \)iability factor,
since mBrg1 deficient fibroblasts proliferate as well as control cells (Bubltman etal.,
2000). |
Although mBrg1 (+/-) mice are viable and seen normél, 15% of them show
exencéphaly and»they are susceptible to developing tumors at low frequency. T_He
" tumors were epith_eliél in origih, contained glandular structures, and occurred in
subéutaheous tissues. Tumor formation i.n mBrg1 (+/-) mice has been ascribed to haplo
iﬁsuﬁiciency since loss of heterozygosity has not béen revealéd in tumors (Bultfnan. et
- al., 2000; Roberts and Orkin, 2004). In contrast, Brm (-/-) mice did not develop tumors
(Reyes et al., 1998).
Both mBrm and mBrg1 null mutations surprisingly generated different
phenotypeé. What would be expected, considering the main fuhcﬁon of ihése ATPéses,

ié the inactivation of the whole complex and the generation of the same phenbtype

(Roberts and Orkin, 2004). One possible explanation is that complexes cohtainin’g Brm _

or Brg1 might be recruited to differ_ent downstream target genes (Bultman et al., 2005).
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In order to answer to this question a new mBrg1 mutation was obtained. This mutation
avoided the early embryonic lethality produced in the Brg1null mice (Bultman et al.,
2005). Mice containing a Brg1 hypomorph allele in the ATPase domain were isolated
from an N-ethyl-N-nitrosourea (ENU) mutagenesis screen. The allele contained a point
mutation where amino acid glutamine was substituted to glycine at the putative helicase
motifs IV and V of the catalytic ATPase domain. This region is conserved from yeast to
human and it is involved in coupling the energy from ATP hydrolysis to chromatin
remodeling (Bultman et al., 2005). The mutant mBrg1 protein was stable, assembled
into the SWI/SNF complex and exhibited normal ATPase activity, but the nucleosome

1 null/ENU

remodeling properties was reduced. mBrg mice developed normally until E11.5

to E14.5 stages, dying because of anemia caused by a blockage in the development of

{1 MIENU ine raises the

the erythroid lineage. The normal development of the mBrg
possibility that mBrm could functionally compensate for mBrg1 activities in many cell
types where it is expressed; however, it could not compensate for mBgr1 activity in the
erythroid lineage, where it is absent.

These results indicate that the ATPase activity of Brg1 needs to be coupled with

chromatin remodeling activity in order for this energy to be connected to a change in

conformation and position of the nucleosomes (Bultman et al., 2005).

Ini1/Snf5

Investigations in malignant rhabdoid tumors and atypical teratoid tumors (also
refer as atypical teratoid/rhabdoid tumors), which are aggressive and highly lethal
cancers‘ of early childhood, have revealed that these tumors carry specific, biallelic,

inactivating mutations in the SNF5/Ini1 gene [Review in (Gibbons, 2005; Mohrmann and
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Verrijzer, 2005; Roberts and:Orkin,v20‘04) and references therein]. In order to

investigate the mechanism by which Ini1 is involved in tumorigenesis, and its possible

role as a tumor suppressor, three independent groups simultaneously generated, by -

. different targeting strategies, Ini1 knoékbut mice. Disruption of Ini1 expression is

embryonic lethal and occurs during the periimplantation stage, between 3.5 and 55 days

~ (Guidi et al., 2001; KIochendIér—Yeivin et al., 2000; Roberts et al., 2000). Analysis of Ini1

expression during embryoge"nesis confirmed the presence.of the 'protein in fertilized

" 6ocytes and two cell embryos, due to maternal stores. Ini1 expression starts at the 4
- cell stage and is maintained during all subsequent developmental periods. Ini1 protein is

-present in embryos ubiquitously, but predominantly concentrated in the headfolds,

neural folds, first branchial arch and hindlimb bud (Guidi et al., 2001; Klochendler-Yeivin
et al., 2000; Roberts et al., 2000).

" The in vitro culture of recovered null Ini1 blastocysts at day 3.5 (E3.5) showed
two different resqlts. Klochendler-Yeivin and colleagues found that one third of the Ini1-

null embryos failed to hatch from the zona pellucida, while the rest of them emerged, but

the trophectoderm did not spread, suggestive of a trophectoderm defect (Klochendler- -

Yeivin et al., 2000). However, Guidi and colleagués showed that 100% of the null

. blastocysts in culture did not hatch and expand in culture, which is indicative of hatching

defect. Even m‘ore, manual disruption of the zona pellucida from null blastocysts
showed a failure of the inner cell mass and the trophectoderm to expand. As was the
case of mBrg1 knockout mice, this result indicates that Ini1 was'required béyond the
peri-implantation stage (Guidi et al., 2001).

Ini1 heterozygous mice developed normally but are highly susceptible to t’umor:

formation in the head or neck regions of the mice, predominantly in the soft tissue of the




26 -

face. The analysis of the expression of Ini1 protein from tumors showe_d the absence of
Inii1, indicaﬁve of Ioss_ of heterozygosity (LO.H) at the Ini1 locus. LOH is the main reason
for the tumor develdpment in the heterozygote mice, a characteristic of classical'tumdr

~ suppressors (Guidi et al., 2001; Klochendler-Yeivin et al., 2000; Roberts et alr., 2000).

In orderto understand the moleqular mechanisms by which INI1 suppresses |
tumor formation, several groups héve investigatéd' the effect of reintroduction of the INI1
gene in INI1fdeficieht cancer cell Iines.b The results have shown that cells undergo cell
cycle arrest .in GO/G1; Which indicates that INI1 function limits cell division. However, the
mechanisms differ in different tumor cell lines (Roberts and Orkin, 2004).

Is the fumor suppfessor activity of INI1 mediated via effect on the integrity of the
- SWI/SNF com‘plex? The answer should be yes if wé extrapolate from results obtained
from the yeast SWI/SNF comple‘x. Deletions and/qr mutation of any' subunit causes
disassembly of the complex (Peterson et al., 1994). However, it was shown that the
assembly of the SWI/SNF complex in human Cells can occur independently of INI1
subunit. Moreover, some genes that require BRG1 do not require INI1 (Doan et al.,
2004). Therefore, it is possible that the mechanism of tumor suppression by INI1 is not |
related to the integrity of a functional SWI/SNF complex, but instead td an independent

activity (Doan et al., 2004).

-BAF155 /Srg3
Srg3 is the mouse homolog of the yeast SWi3, the Drosophila Moira/BAP 1565,
and the human BAF155. As it was mentioned previously, this subunit is a component of
the catalytic core of SWI/SNF complexes. To examine the in vivo function of Srg3, Kim

and colleagues generated knockout mice for Srg3 (Kim et al., 2001). As was
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demonstrated for mBrg1 and mlni1; absence of SrgB in mice resulted also in early
embryonic lethality. The expression pattern of this subunit during mouse development,
from E7.5 to E10.5 embryos, showed that Srg3 protein was present constit'utively in all of
. the stages. Following stages from E12.5 to E18.5 were evaluated with in situ
hybridization. Srg3 expression pattern coincided with that.of mBrg1', but with so_rhe
- differences. Embryos at E12.‘5 and E14.5 expressed high levels of Srg‘3 in almost ell
“organs, excluding heart and iiver;_ mBrg1 Was found in spinal cord, brain and thymus. At
| E‘16.5 Srg3 was evidenced in lung, intestine, thy_mus and central nervous system. As
' .the embryos deve’loped further, expression of Srg3 changed, becoming restricted to the
-thymus and central nervous system (Kim et al., 2001). Since Srg3is expressed in
additional regions of the en1bryos, the authors suggested that Srg3 may have alternative
and independent function exclusive of its role in SWI/SNF remodeling activity. However,
pattern of expression of mBRM was not determined in these embryos; therefore it may
be possible that SrgB is present in mBRM complex. |
Blastocysts from null embryos at E3.5 cultured in vitro undergo hatching,
adh.erence, and formation of trophoblast giant cells, although the inner mass
degenerate. Levels of Brg1 were stable during these experiments (Kim-et al., 2001).
Although heterozygous mice looked normal, around 20% of them.developed
exencephaly a condition that includes defects in brain growth and organization (Kim .et
al., 2001). Exencephaly was also seen in heterozygous Brg1 mice (Bultman et al.,
2000). It has not been confirmed if Srg3 heterozygotes are susceptible ’ro Spontaneous

neoplasia, as was demonstrated for mBrg1 and Ini1 (Kim et al., 2001).
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Polybromo/BAF180

As mentioned in a previous section, BAF180 represents a specific subunit of the

'SWI/SNF (PBAF) complex (Table 1). In order to determine its role in the PBAF complex,

. BAF180 knockout mice were generated (Wang et al., 2004). The expression of BAF180

is ubiquitous during mouse embryogenesis and also in extraembryonic tissues, such as

- the yolk sac and placenta. Disruption of BAF180 is embryonic lethal and mice embryos

die between E12.5 and E15.5 of gestation. 'Examination of null embryos showed that
the majority of the organs were present, but liver and lung were smaller and hearts

exhibited incomplete development of the cardiac ventricular free walls and ventricular

- septa. Analysis of the nature of the heart defects showed that it was not a consequence

of apoptosis but instead a failure in cell Qrowth and differentiation (Wang et al., 2004).
Because BAF180 is expressed also in placenta, examination for defects Was' perfofmed-.
Placentas were abnormal at the labyrinthine layer, where groups of trophoblasts
replaced materhal and fetal blood space, p‘utti'ng at risk the maternal-fetal exchange. In
order to determine that the defect in heart development was due to a direct effect of
BAF180 disruption, Wang and colleagues performed tetraploid aggregation experiments-‘
to rescue the placehta and complementary fusion experiments. The results‘confirmed a

direct role for BAF180 in the heart development and not an indirect effect caused by

the placenta (Wang et al., 2004).

~ Gene expression profileé of the wild type and mutant hearts wheré obtained by
microarray analysis. Pofential target genes involvéd in heart development were ‘, :
identified and the presence of BAF180 was found on the promoters of some of these
genes. Therefore, these studies.demonstrated a contribution of BAF180 in the ' i

maturation of the cardiac chamber by mediating the expression of genes involved in cell ’
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grdwth and proliferation. This function is specific to this subunit and differs from the

roles of Brg1, BAF155, and Ini1 subunits in early embryogenesis.

- BAF60c
Another subunit of the mammalian SWI/SNF BAF complexeé examined during
mouse _developmént was BAF60c. Levels of BAF60c mRNA and prOtein are detecied
“starting at day 7.5 during de\'/,elop_ment, béing conce_ntrated in the lateral mesoderm |
| (LPM) that will contribute to the heart. As develo‘pment progresses, BAF60c is found in -
. the heart at the looping heart tube, in éomites and in the midline of the neural tube
- (Debril et al., 2004; Lickert et al., 2004). The role of BAF60c in developing hice Was
determined by Lickert and colleagues using an embryonic stem cell-mediated transgehic
RNA intérferen‘ce strategy. Knockdéwn of BAF60c caused cardiac malformations with
Iethaiity at E10.0 tb E11.0. The heart contained a single ventricle connected to an
abnormall outflow tract and the myocardial wall looked rougher. Additionally, the.
silencing of BAF60c caused failure of forebrain closure and disordered somites. The
analysis of markers of primary and anterior/secondary heart fields were delayed in the -

knockdown mice, but the expression of primary and secondary heart fields was normal

~ (Lickert et al., 2004).

The trahscriptional activity of BAF60c was demonstrated in vifro by transientr
reporter aéséys.' BAF60c overexpressed in cell culture mediated interactions betweén
specific he.ért transcription factors and SWI/SNF through Brg1, potentiatfng the |
expres_sion of the target genes. The tissue-specific expression of BAF60c is a good
example of how the interactions of transcription factors and remodeling enzymes'are '

established specifically to regulate particular genes during tissue morphogenesis.
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Disruption of the core subunits in the SWI/SNF complex, incIudihg Brg1, Ini1 and
BAF155, produced early lethality at the peri-implantation stage. Disruption of other
subunits, like BAF180, which distinguishes BAF from PBAF complexes, and BAF60c
. which is expressed in a tissue specific manner, resulted in lethality, but at Iatér stages
Wh_ere they affect a particular organ/tissue. Individual subunits have differential functivons
~ within a cell type. There are isoforms of BAF subunits that are thought to mediate the
functions of the SWI/SNF complexes in a tissue specific manner, such as the neuron-
specific BAFSBb (Ola\rlebet al., 2002). Detailed structural and functional analysis of the -
unique and distinguishing szunits in the SWI/SNF complexes ‘wiII ultimately help us
better understand how these complex chromatin remodeling cofactors work individually
or in concert to gUide expression, cell growth, and okgan development (Wang et al.,
2004). |

We have seen the involvement of SWI/SNF in early and middle development and
its role in tumor-suppression. The following will summarized the differentiation events inb
which SWI/SNF remodeling enzymes participate. These studies not only have
demonstrated the contribution of SWI/SNF in cellular differentiation, but also have
defined the mechanisms by which SWI/SNF activity promotes gene expressfon. To

perform these studies the use of tissue culture models of differentiation has béen pivotal.
SWI/SNF and cellular differentiation
Myeloid differentiation

The first endogenous mammalian genes shown to be controlled by SWI/SNF

complexes were the myeloid specific genes (Kowenz-Leutz and Leutz, 1999). During
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myeloid differentiation two majorvtrénscription factors, C/EBPB and Myb, collaborate to

activate specific myeloid genes. .in fact, overexpression of both activators in

heterologous cell lines, such as fibroblasis, induces the expression of originally silent

. myeloid-specific gehes. It was demonstrated that transcriptional activation mediated by

C/EBPB-Myb involves the recruitment of SWI/SNF complex, via direct interaction of Brm

with the N-termina.l region of the C/EBP activator. If this C/EBP§ domain is transferred

vt_o Myb, the resulting chimera"-is able to activate myeloid genes in the absence of

‘&/EBPB (Kowenz-Leutz and Leutz, 1999). Thus, interaction of C/EBPB and SWI/SNF is

crucial for activating a SUbgroUp of genes involved in myeloid'differentiation.

Entéro_cyte differentiation

o The hurﬁan epithe|iai- cell line CaCo-2 spontaneously‘differentiates froma -
cryptlike to a villous like enterocyte and expresses several markers, including the well
charactérized oc1—antitrypsin gene. .The oc1-antitrypsin gene is regulated by the
hepatocyte nuclear factors HNF-10 and HNF-4qa that function Syn_ergistically’ (Hu and
Perlrhutter, 1 999). In én analysis of the temporal recruitment of factors to the human (i1-.

antitrypsin prombter during enterocyte differentiation, transient binding of hBRM

| dccurred. The major events during differentiation included the stable-ass-ociation of

HNF-4o and hBRM at the promoter, the remodeling of one of the two nuclesomes (the
one containing the TATA box and the transcription start site) and transcription initiation
(Soutoglou and Talianidis, 200'2). Therefore, chromatin remodeling by the SWI/SNF

complex is crucial for the activation of the o/1-antitrypsin g'ene expression.



Muscle differentiation
Skeletal muscle differentiation involves the activation of specific genes by the

‘action of two families of transcription factors: the myogenic basic helix loop helix (bHLH)
- family, which includes MyoD, Myf5, myogenin, and MRF4 and the myocyte enhancer '
factor 2 (MEF2) family (Berkes and Tapscott 2005). Each of the members of the
~myogenic family of transcrlptlonfactors is able to initiate the muscle differentiation
program when they ere ectopically expressed in different cell lines. Aotivation of muscle
specific genes in fibroblests overexpressing any of the members of rhe myogenic family,
is ebrogated by the presence of dominant negative versions ofthRG1 or hBRM (see
- below) (de la Serna et al.; 2001b; Roy et al., 2002). Induction of the muscle-specific
genes required SWI/SNF _aotivity to facilitate chromatin remodeling at the endogenous
specific promoter (de la Serna et al., 2001b). ConeeqUently, these etudies demonetrated
the crucial role of SWI/SNF enzymes in the initiation of the muscle differentiation
program, Furthvermore, a recent study using rnicroarray analysis of cells differentiated by-
MyoD in the presence or absence of dominant-negative BRG1 showed that one-third of
the MyoD-induced genes were dependent on SWI/SNF enzyme activity (de la Serna et
al., 2005) Chromatln immunoprecipitation (ChIP) at the myogenin promoter confirmed
the presence of BRG1 during differentiation. In the presence of dominant-negative
BRGT1, the recruitnﬁent of MyoD transcription factor ‘was' prevented and transcription was

prevented (de la Serna et al., 2005).

Adipocyte differentiation
The main goal of this thesis wes to determine the role of SWI/SNF chromatin

remodeling enzymes in adipocyte differentiation. Prior to this work there were not




33

publications on the role of chromatin remodeling ‘_enzymes during adipo‘cyte N
differentiation.
After the isolation andcharacteriz'ation of the human SWI/SNF"c'ompIexes as
~ ATP dependent chromatin remodeling rnachines that alter nucleosome structure
(Imbalzano et al., 1994; Kwon et al., 1994), Anthony Imbalzano’s laboratory major_aim
~ was the identification of endogenous cellular loci whose activation and expressiOn- is
'dependent on chromatin remodeling by the mammallan SWI/SNF complexes In order
'fto determine. the role of the mammalian SWI/SNF complexes, Imbalzano and colleagues
' generated cell lines that inducibly express either hBRG1 or hBRM subumts that are
: mutated in the ATP binding site and FLAG tag. The purpose was to create non-
functlonal hSWI/SNF complexes via sequestratlon of BAF subunits into complexes with-
the mutated hBRG1or BRM._ Thus, genes which activation requires SWI/SNF activity
would -be impaired in cells expreesing dominant negative version of the cOmplexes (de
La Sern’a etal., 2000). . |
Conditional expression was performed using the Tet repressor system. Briefly,
NII—l3T3'ceIls were stably transfected with the vector that encodes a Tet-VP16 regulatory -
protein (Fig. 1.5), whioh is a fusion of the DNA binding domainbof the Tet repressor with
" the activation domain of the herpes simplex virus activator VP16, and a vector encoding
drug resistance; The fusion protein ie active in the absence of tetracycline and can
promote expressron from promoters containing a binding site for Tet repressor. |
Subsequently, the cells were transfected with the Tet responsive vector containlng an
epitope (FLAG) tagged dominant versions of the hBRG1 or BRM (Fig. 1.5). The cell lines

generated that inducibly express FLAG tagged dominant negative hBRM were named
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Figure I.5. Generation of dominant negative BRG1 and hBRM cell lines.
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“H” lines and the cell lines that inducibly express“ FLAG tagged dominant negative
BRG1 were named“B” lines. The parental cell line Tet-VP16 which contains the Tet
regulator was used as control; Initially, these cells lines were used to demonstra_te t.,hat
- dominant negative SWI/SNF -énzymes i_hhibits the activation of the cellular stress
response wh.en activated by envir_onmental stresses (de La Serna et al., 2000). -
Subsequently, de Ia Serna and colleagues demonstrated that'hSWI/S.NF ezymes are
‘required for muscle di_fferentiétion‘»(see abbvé) (de la Serna et al., 2001a). Because
'f&omponents of the mammalian SWI/SNF comblexes were required for the initiation of -
' ékeletal muscle differentiation, we ask if these remodeling enzymes were also invoIVed'
-in adipocyte diﬁérentiation. |

Why are adipocyte differentiation studies important? Adipogenesis is the
’p'ro¢ess ’b.y which mature fat_‘cells aré formed from preadipocytes. Adipos_e tissue is.
considered as a glbbal regulator of energy metabolism. Excéssive development of
adipocyte tissue causes pathologies, including obesity. Adipocyte related diseases
*including diabetes type Il and’atherosc_lerosis have been established as serious health
problem's. Consequently, all aspects of adipocyte biology, including adipogenesis, and
the sequence of transcriptional events during adipogenesis héve become targets of}
. intense scientific investigation.

A brief summary of this thesis research is presented here. In -chapter Il this work
will be discussed thoroughly. |

The main transcription factors involved in adipocyte differentiatidn are memlbers

of thé basic leucine zipper (bZIP) family of CCAAT/enhancer binding proteins (C/EBPs),

specifically C/EBPB, & and o and the nuclear hormone receptor peroxisome proliferatof? »

activated receptor (PPARY). Any of these activators, except for C/EBPS, when
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ectopically expressed in non-adipocyte cell lines is sufficient to drive thé complete -
program of édipogenesis (Tontonoz et al., 1994b; Wu et al., 1995a; Yeh et al., 1995).

‘We found that adipogenesis and induction of PPARY forced by overexpression of
- the adipogenic activators was blocked bupon ‘expression of dominant negative. hBRG1 or
hBRM. The recruitment of BRG1, BRM, and Ini1 to adipocyte specific promoters |
_indicated that SWI/SNF enzymes were involved in the activation of these genes duri‘ng
adipocyte differentiation (Salma et al., 2004). |

| Duriﬁg this thésié work, using a different approach, Pedersen and colleagues
shbwed that the capacity of C/EBPo to mediate adipocyte differentiation depends on a
domain preseﬁt in C/EBP.(x which is resbdnsible for establishing the interaction‘with-
SWI/SNF components Brm .énd BAF155. Therefore; SWI/SNF recruitment is critical for
C/EBP(x—m'ediatéd adipogenesié (Pedersen et al., 200i ). |

In‘ the following sections of this thesis, general aspects of adipogenesis, including

adipbcy{é tissue and development, sequence of events during adipocyte différehtiation,

and transcription factors involved in adipogenesis will be covered.

3) Adipogenésis
To study the molecular eventé and the involvement of SWI/SNF function during
adipocyte differentiation, a well established cell model was chqsen. Adipocyte
' differéntiation can be examined when irﬁmortaliZed pre’adipoéytes undergo differentiation
to adipocytes after Vhormonal stimulétion. These adipocytes exhibit a typical
morphological and biochemibal characteristic of fat éells found in situ (Green and
Kehinde, 1975; Green and Meuth, 1974; Hwang et al., 1997). Adipogenesis can also be

assessed using non-adipogenic cell lines (such as dominant negative BRG1, BRM and




37

Tet-VP16 cell lines) by forcing them to differentiate by ectopic expression of specific

adipocyte transcription factors.

- 3.1) Adipose tissue

Adipose tissue is a specialized connective tissue that functions as the main

storage place for fat in the form of triglycerides during times when caloric input exceeds

‘expenditure. In contrast,.whén caloric expenditure exceeds intake, the reserves are
©obilized to supply energy in the form of fatty acids or heat. There are two kinds of
" adipose tissue found in mammals, the white adipose tissue (WAT) and the brown

.adipose tissue (BAT).} Adipose tissue is found distributed at sites rich in loose

connective tissues such as.subcutaneous layers. It is also found in fat depots through' _

‘the body and is divided in su_bcutaneous and visceral depots (Fig.|.6). In small

mam'malbs BAT isvpr,imarily found in the intercapsular, subcapsular, axillary, intercostal,
perineal and periaortic regions. In humans and in larger mammals, BAT is found during
development but after birth the BAT become more like WAT. In small mammals, both
WAT and BAT are found in the same dep>ots (Cinti, 2005; Sell et al., 2004).

Brown adipose tissue differs in structure and function from the white adipose.

~ Structurally, brown adipose cells contain small multilocular lipid droplets whereas the

white adipose céll is composed of larger unilocular lipid droplets. In addition, brown
adipose cells are rich in large mitochondrias that express the unique uncoupling protein-
1 (UCP-1).‘ The UCP-1 gives the cell's mitochondria the ability to buncou.ple‘ oxidati\)e
phosphorylation and use the substrates to generate heat. Exposure to c‘old‘ stimulates

the sympathetic nervous system, releasing norepinephrine, which in turn promotes thev
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Figure I.6. The adipose organ of an adult mouse. The organ is made up of two
subcutaneous and several visceral depots. The most representative visceral depots are

shown. White areas made up of WAT and brown areas of BAT are indicated (Cinti,

2005).
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oxidation of fatty acids in theimitochondria and th:e consequent release of heat. On the
other hand, sympathetic stimulation on white fat promotes the hydrolysis of triglycerides,
and the release of fatty acid _ahd egceroI'(Cinti, 2005; Klaus, 1997; Kuroshima, 1_993);
Adipose tissue is no Iohger consi'dered a passive reservoir of energy. Numerous
studies indicéte’ that adipocytes play an active r'ole in the control of fhe whole boc.ily‘

' metabovlism and homeostasis through the secretion of paracrine and endocrine facfors in
“addition to other regﬁlatory féctors (Fig. I.?) (Kershaw and Flier, 2‘004;MacDougaId and
: - 'fMandrup, 2002; Morriédn and Farmer, 2000; Otte and Lane, 2005). Understanding the -

' develo‘prhent and mechanisms that regulate adipogenesis, adipocyte g‘rowth and |
-metabolism as Well as the identificatien of adipose-secreted factors has been the focus
of many investigations since adipose tissue is involved in a number of pathologies
'a'ssociate_d with obesity and ‘_ifs related disorders (Morrison and Farmer, 2000).
| Lastly, it is important to mention that different adipose depots exhibit significant
heterogeneity. It has been proposed that the observed difference is possibly the_fesult of
~ variation of their endocrine function. Adipose depots show particular adipokine
(bioactive peptides expressed by adipose tissue) expression and an exclusfve receptor
e*pression, which gives them the capacity to respohd appropfiately. All of these
. differences between adipose depots indicate that this tissue not only function as an

endocrine organ, but also as group of “distinctive organs” (Kershaw and Flier, 2004).

3.2) Adipose development
In vivo
Mammalian adipose cells originate from multipotent mesenchymal stem cells

(MSC) in the mesoderm during mid to late gestation. In the emergent fat pad, MSC
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become committed to the adipocyte lineage under the control of factors still unidentified

in vivo. The process that converts MSC into preadipocytes is known as determination. '

The time of adipose develop_ment varies between species and the adipose ‘depot After

. birth, adlpocytes expand as a result of an increase in adipocyte size and in the number
of preadipocytes New adipocytes are continually generated and expand even rn the
adult stage (Fig. I 8) [Reviewed in (Gregonre et al., 1998; Novakofski, 2004 Rosen
'2002) and references thereln]
i
' ln vitro
Since the development of immortal preadipocyte cell lines by Green and |
colleagues in the1970s, the study of adipocyte development and physiology has been
possible. .EVen' though there are sonde disadvantages of the in vitro system, fat
differentiation in vitro is reliable and valid, since it recapitulates almost all of the.
characteristics du_ring the adipogenesis process in vivo, incloding morphological_changes
* and expression of adipocyte genes such as those involved in lipid rnetabolisms, glucose |
metabolism, as well as those involved in insulin sensitivity (Rosen, 2002) Al in vitro
systems have limitations; with increasing culture passages, the proliferative capacity and

the differentiation potential decreases (Feve, 2005).

Cell culture models of differentiation

Various cell lines have been used to study the molecular and cellular events that
take place during the adipocyte differentiation process. These include th.e mUItipotent
stem cells 10T1/2 that can undergo differentiation into adipocytes, myocytes or

chondrocyte and the well characterized preadipocyte cell line 3T3-L1 that are
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Figure 1.8. Adipose tissue development.
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corhmitment to differentiate into adipobytes. 10'f1/2 cells represent an early stage in the
adipose development and 3T3-L1 a late stage (Fig. 1.9) (Cornelius et al., 1994; Feve,
2.,005). Preadipocyte cell Iineé such as 3T3-L1 and 3T3-F442A were isolated from. .‘ '
~ disaggregated mouse embryo cells and selected for their ability to accumulate fat (Green
and Kehindé, 1975; Green and Meuth, 1974). When preadipocyte cell lines abr,e f_reated
* with external induf;ers, they differentiate into cells that are morphologically, |
“biochemically, and fﬁnctionaily identical td mature adipocy{es. Evidence indicate that
| ) t’?‘hese cell systems recapitulate the whole differéntiation process in vivo, in fact,
‘ ltransp‘lantation of these preadipocyte bell_ lines into mice results in devélopment of
-normal fat padsr indistinguishable from the adipose pad [Reviewed in (Cornelius .et al.,
1994)].
| Nqn-ad'ipogenic fibroblasts cén be forced to differentiate into adipqcytes when
master regulafors of adipocyte differentiation, sucH as C/EBF’oc or PPARY are ectopically
overexpressed in_ these cells. After overexpression of regulators, the cells are tréated
with the same differentiation Cocktail used to differentiate preadypocytes.
Protocols that allow a highly efficient differentiation of preadipocytes in culture
have been developed. For 3T3-L1 cell lines, the Well established differentiation cocktail
: qonsists of dexamethasone, a synthetic glucocorticoid agonist, insulin, a hormone that
acts through the insulin-like factor 1(IGF-1) receptor in preadipocytes,
methylisobutyl_xénthine' (MIX), a cAMP phosphodiesterase inhibitor, and fetal calf serum
(Cornelius et al., 1994; Student et al., 1980). | |
"~ How do these differentiation inducers activate adipocyte differentiation? The
i‘nsulin/insulin-llike growth factor (IGF-1) signaling pathway contributes to adipocyte

differentiation through compléx signaling networks that play a significant role during
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? Differentiation

Figure 1.9. Adipogenesis is a multi-step process. Mesenchymal cells proliferate (clonal

expansion). At some point, some of these cells differentiate into preadipocytes. The

signal for this critical differentiation, commitment step is unknown in vivo; in vitro factors

have been identified. Preadipocytes proliferate at the site of adipogenesis (clonal
expansion). Preadipocytes undergo a second differentiation step and begin to fill with

lipids (Feve, 2005).
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adipogenesis. Insulin exerts its efféct on diﬁerehtiation through the insQlin-lik,e growth

factor (IGF-1R) receptor at high concentrations and not through the insulin receptor (IR),

whose concentration is low in.préadipocytes. During adipogenesis, IR levels inc_rease.

- The participation of IGF-1R in adipocyte differentiation implies that a tyrosine kinase-
mediated signaling' pathway is involved. Data support the idea that the tyrosihe »kinase
involved may be the IGF-1R tyrosine kinase. Insulin effects include the activation 6f the

“extracellular signal-regulated kinase (ERK) pathway, which is important at the |

- i broliferative phase. ERK activity is also neceséary for the expression of the adipbgenic '

’ ‘activatofs C/EBP(x; B, and  and PPARYy [Reviewed in (Bost et al., 2005)]. |
Glucocorticoids are another inducer required for preadipocytes to progress
through clonal expansion and terminlal differentiation. The role of glucocorticoid recepior
| during ad_ipogene_sis is still n_bt clear at molecular level; evidence suggest that
adipbgenesis stimulated by glucocorticoids may be mediated by its capacity to reduce
the levels of prea_dipo_cyte factor-1, an antiadipogenic epidermal growth factor that is

expresséd in preadipocytes (Rangwala and Lazar, 2000). It is known that

glucocoﬁicoids activate phospholipase A2, which triggers the release of arachidonic acid-

for prostaglandin (PGI2 and PGF2a.) syhthesis. The increase of PGI2 causes an

- increase in cAMP and Ca?* levels, which then regulate differentiation_(MacDougaId and
Lane, 1995b). Glucocorticoid activity though its receptor is also involved in the activation
of the expréésioh of the adipogenic regulators, C/EBPS and PPARY (Cao et al., 1991;
Wu et al., 1996). Methylisobutylxanthine (MIX) is other component of the differentiation
cocktail. ltis a synthetic organic chemical that inhibits phosphodiesterases, Causing an
i.ncrease in the intraceliutar level of CAMP (Wu et al., 1996; Wu et al., 1995‘b). The |

cellular target of CAMP is the protein kinase A, which catalyzes the phosphorylation of
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the cAMP response element binding protein (CREB) at serine 133, and its ability to

activate the transcription of C/EBP. Additionally, CREB can be phosphorylated by

insulin action. The transcription factor Sp1 negatively regulates C/EBPa through a Sp1

- site on the C/EBPo. promoter. The levels of Sp1 decrease by the action of (MiX)

(Rangwala and Lazar, 2000; Zhang et al., 2004a). Fatty acids and peroxisome

.. proliferators are also activators of adipogenesis, acting synergistically with other

inducers (MacDougald and Lane, 1995a). |
The use of preadipocyte cell lines has allowed the characterization of the
sequence of events during adipbgen'eSis as well as the identification of the master

regulatory proteins that control the process (Hwang et al., 1997).

3.3) Sequence 6f events during differentiation in vifro

The developmental progra;n in vitro can be defined by four stages, preconfluent :
proliferation, confluence/growth arrest, hormonal induction/mitotic clonal expénsion
(MC‘E) and terminal differentiation. Each stage is characterized by the coordinated
exbression of specific genes. Preconfluent preadipocytes express the.preadipocyte
féctor 1 (Pref-1) which is responsible for maintaining the undiﬁerentiéted state. Once
conﬂuence_ is reached, cells arrest at fhe GO/G1 phase of the cell cycle. At th.is stage
occurs eariy expression of genes such as lipoprotein lipase (LPL), a2 chain type VI
collagén, and fatty acid aciivated receptor (FFAAR). The ind_uéﬁon of these genes is
regulated by autocfine/paracfine mechanism(s) and mediated by ceII-‘ceII contacts.
[Review in (Amri et al., 1986; Gregoire et al., 1998;vMécDougaId and Lane, 1995b)].
When cells aré exposed to adipogenic inducers, they synchronously enter S phase of

the cell cycle and undergo one or two rounds of mitosis. Early changes that occur
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during clonal expansion include the early expres$ion of two regulators, the CCAAT
enhancer binding proteins C/EBP( and C/EBPS, which are induced by the effects of
IBMX and dexamethasone, re.spéctively (Rangwala and Lazar, 2000; Yeh et al., 1995).
- After clonal expansion, expression of both regulators decreases and is replaced by
C/EBPa (seé below) (Cao et-al., 1991; Yeh et al., 1995). | |
Itis impor‘[ént_ to emphasize that MCE is required for the progreésion of the
‘differentiation program, and tv'hat-C/EBPB ﬁarticipation is esvsentialr (Tang et al., 2003a;
':fi-‘éng et al., 2003b; Zhang et al., 2004b)’._y To demohstrate the role of'C/EBPB in MCE,
Tang énd col|eagﬁes eXamined the effect of C/EBPJ deficiency in mou‘se embryo -
'fibroblasts (MEFs). They found that C/EBP (-/-) MEFs formed neither mitotic foci nor
_a_dibocyt_e cells. Reintroduction of C/EBPB LAP ér LIP isoforms (described later) in the '
deficient MEFs éhbwed that the C/EBPP LAP (active form) re-established both MCE and
adipogehesis. In contrast C/EBPB LIP (dominant negative) was not ablé to réstore these
_ functions. These results indicate that C/EBPp has a dual role i in adipogenesis, as a
transcnptlonal actlvator involved in the expression of PPARy and C/EBPa (both gene
promoters contaln C/EBP sites) and playing a role during MCE (Tang et al., 2003a).
| E_Xperiments that support. C/EBPB func_tion in MCE were performed by Zhang and
colleagues using a dominant‘negative' A-zip C/EBP, which contains the leucine zipper
but lacks functional DNA-binding and transaclfivatioh domains. This protein |
heterodimérizés with the bZip r_egion of C/EBPpB and generate a stable. Coil‘ed-coil '
compl_ex unable to .bind DNA. Forced .expressién of the A-zip C/EBP prevented C/EBP
translocation t'o the nucleus, resulting in a block to MCE and adipogenesis (Zhang et al.,

2004b).
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During the terminal phase of differentiation, cells exit the cell cycle and express

the master regulators of adipogenesis, peroxisome proliferator-activated receptor-y

'(PPARy) and C/EBPa, which then activate a large number of adipocyte genes.

~Expression of both genes is maintained in mature adipocytes (Rangwala and Lazar,

2000). In addition to C/EBPs and PPARY expression, other regulators are involved (see

. below).

C/EBPa is responsible for the maintenance of the terminal _differentiated state in
adlpocytes since I'[ functions by blocking mitosis (Christy et al., - 1989; Umek et al.,
1991). PPARy is also involved in growth arrest and acts cooperatrvely in this activity
wrth C/EBPo. (Altiok et al., 1997) C/EBP(x has the capacity to autoregulate its own
expression due to the presence of a C/EBP binding in the proxnma| promoter (Christy et

al., 1991; Lin and Lane, 1992). Aiso, C/EBPa. and PPARY regulate each others

expression (Hamm et al., 1999: Shao and Lazar, 1997).

34) Transcription factors involved in adipogenesis

Many molecular aspects of adipogenesis can be illustrated as a cascade of gene ‘
expression regulated by a set of transcriprion factors. At least four transcription factors
play a significant regulatory role during adipocyte differentiation. These include the
already mentioned master regulators C/EBPs and PPARY, and also the SREBP1/ADD1
and the STAT proteir\s (Fig. 1.10) (Kim and Spiegelman, 1996; Kim et al., 1995;
Stephens et al., 1996). Béc_ause this thesis concen’rrate’d in the role of C/EBPs and
PPARY proteins, in the following sections the role of these factors during adipogenesis

will be discussed.
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Figure 1.10. Molecular pathway of transcriptional events mediating adipocyte
differentiation. Direct or indirect transcriptional events are indicated in solid lines.
Broken lines represent interactions that are less understood. Abbreviations: ADD1,
adipocyte determination and differentiation dependent factor 1; C/EBP, CCAAT
enhancer binding protein; PPARYy, peroxisome proliferator activated receptor y; RXR, In
the retinoic X receptor; SREBP, sterol regulatory element binding proteins; STAT, signal

transducers and activators of transcription (Morrison and Farmer, 2000).
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3.4.1) CIEBPs

CCAAT/enhancer-binding protein (C/EBP) was discovered as a heat stable

‘protein in rat liver nuclei able to bind to a CCAAT box motif present in a number of

_cellular gene promoters and in the “core homology” sequence of viral enhancers

(Landschulz et al., 1988). The cloning of the C/EBP gene (later designated C/EBPu) led

~ to the discovery of the basic-leucine zipper (bZIP) class of DNA-binding and dimerization

domain present in a number of transcription factors [Review in (McKnight, 2001; Ramji
and Foka, 2002)]. Lafer on, other members of the family were clonéd and sequenced,
and they were called C/EBPa, C/EBPB, C/EBPS, C/EBPy C/EBPs, and C/EBP{ (also
known és CHOP-10) (Ottb and Lane, 2005; Schrem et al., 2004). These transcription
féctors are involvéd ina nurﬁber of cellular processe.s like cell éycle_controi, liver
regeneration and liver specific gene regulation, apoptdsis, immune and inflammatofy
processés, circadian gene regulation and in the control of a number of differentiation
processes (Ramiji and Foka, 2002; Schrem et al., 2004). The isoforms involved in
adipocyte differentiation are: C/EBP«, C/EBPB, C/EBPS, and CHOP10.

| The protein structure of all of the members of the family consist of three structural.
components including a C-terminal leucine-zipper (consisting of a hepta}d repeat of four
or five leucine residues), a basic DNA—bihding region, and an N-terminal tranéactivating

region (Fig. 1.11) [Reviewed in (Otto and Lane, 2005; Ramji and Foka, 2002; Schrem et

“al., 2004)]. Electrostatic interactions between amino acids alohg the dimerization

domain (leucine-zipper) establish the specificity of dimer formation'[Reviewed in (Ramiji
and Foka, 2002)]. Dimerization of the C- terminal region is highly conserved and confers
the ability to bind DNA and to form homo or heterodimers with other members of the

family. C/EBP dimerization is a requirement for DNA binding (Landschulz et al., 1988).>
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Figure I.11. Schematic representation of the C/EBP family members. The leucine
zipper is shown in yellow, with black vertical lines indicating the leucine residues, and ‘
the basic region is colored red. The position of the activation domains (AD) and negative

regulatory doméins (RD) are shown in green and blue respectively (Ramji and Foka,

2002).
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In the case of CHOP-10, fhe DNA-binding domain is not functional; as a consequence
heterodimers formed with this isoform cannot bind to the C/EBP site in the promoter of
target genes, thos acting as a dominant negative of C/EBP function. However, CHOP-

| 10/CEBP heterodimers can recognize a distinct DNA sequence when cells are exposed
to stress (Otto and Lane, 2005; Ramji and Foka, 2002). The basic DNA-binding region

| ~ of the C/EBP proteins determines the DNA bindihg specificity [Reviewed in (Lekstrofn-
Himes and Xanthopoulos, 1998)].

The N-termini ‘of the C/EBPs are more divergent, although there are three
separated subregions, als.o termed transactiyation elements ‘that are conserved in most
of the members. These eubregions are important to establish direct or indirect
interaction with component_S of the basal transcriptioh machinefy (Ramji and Foka,
2002). In fact, .the transactivation elements in C/EBPd activate tranecription and
cooperatiVely mediate in vitro binding of C/EBPa to TBP and TFIIB (Nerlov and Ziff,
1994 Nerlov and Ziff, 1995). Functional interaction of transactivation elements with
components of the SWI/SNF complex has been demonstrated (Pedersen et al., 2001).
Fuﬁhermore, it was shown in vitro that C/EBPo, C/EBPB and C/EBPS interact with p300
and CREB-binding protein (CBP) coactivator. These interactions potenti_ate C/EBP
transactivation (Erickson et al., 2001; KoVacs et al., 2003; Schwartz et al,, 2003). The
N-terminus also contain .one or two regolatory domains, involved in DNA binding

' inhibiﬁon in a cell type specific manner (Lekstrom-Himes and‘Xanthopoulos, 1998).

Some of the C/EBP members produce N-terminal truncated protelns which are
products of alternative usage of translatlon |n|t|at|on codons in the same mMRNA due to
leaky ribosomal scanning or by regulated proteolysisr. C/EBPa produces two isoforms of

42 kDa and 30kDa. The smaller isoform is a less potent transcriptional activator.
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FC/EBPB mRNA prodUces three isofbrms: the 38 kDa and 35 kDa species termed liver

| activating protein (LAP), and the 20 kDa liver inhibitory protein (LIP). LIP does not
contain the N-terminal domain, and it functions as a dominant—negatiVé"regulato_r -

. [Reviewed in (Otto and Lan’e-,b'2005; Ramiji and Foka, 2002) and references therein]. -
The éxpres'sion of the C/EBP family members differs in different tissues.

' C/EBPu is highly expressed in adipose tiésue, liver, intestine, lung, adrénal gland, blood
'mononuclear cells and placehta. In liver énd adipose tissue, sign'ificant levels of
':_C-)'/EBPoc are detected in differentiated tis‘s.ue (Lekstrom-Himes and Xanthopoulos, 1998);
C/EBPB is presenf in liver, intéstine, lung, adipocyte tissue, spleen, Kidney, and
‘myelomonocytic dells. C/EBPS is expressed in adipose tissue, lung and intestine.
C/E}B'Py and CHOP-10 are present in all tissues, and C/EBPe is only present in myeloid

and lymphoid célls'_ [Reviewed in (Schrem et al., 2004)].
C/EBP deficient animal models

Disruption of CIEBP

Mice hbrhozygous for the targeted deletion of the C/EBPa gene appe'af normal to
| wild mice, but they die 8 hours aftef biﬁh. The levels of blood glucose were significantly
low, a sign of hypoglycemia. Anélysis of embryo (E18) and newborn livers showed the
absence of glycogen, which is indicative of interference of hepatic glycogen synthesis.
The analysis of subcutaneous inguinal WAT and BAT confirmed their absence in the null

animals. In contrast, the intercapsular regions presented the same amount of immature

BAT as the control mice at seven hours after birth; however, by 32 hours postpartum the

volume of BAT did not increase. Analysis of the brown adipocytes indicated that null
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mice failed to accumulate fat in BAT. Molecular analysis of the adipocyte markers
showed a reduction in the expression of UCP1, but no affects on the expression of Glut

4 and aP2 (Wang et al., 1995). In conclusion, C/EPBo. nuil mice show significant

- reduction in lipid accumulation in both WAT and BAT depots and failure of

gluconeogenes_is in the liver. Mice die very early after birth as a result of a severe
metabolic disorder that causeé hypoglycemia. C/EBPB and & were not able to
compensate for the Iack of C/EBPq, since the levels of both protein.s ére normal in those
mice. However, horma| levels of Glut 4 and aP2 could be explained by C/EBPf and/or & -

transactivation activities (Rangwala and Lazar, 2000).

Dvisrtjption of CIEBPB and C/EBPS

To investigate the role 6f C/EBPB ahd C/EBPS during adipocyte différentiation
in vivo, Tanaka-and colleagues generated mice lacking the C/EBPB and/or C/EBPS by
gené targeting. C/E_BPS (-/-) mice did not die, BAT was only slightly impaired,
intracytoplasmic lipid content is almost the same or to some extent reduced compared
with wild-type mice and C/EBPo. and PPARY mRNA levels in the intercapsular BAT weré '
similar with that in wild-type mice (Tanaka et al., 1997). On the other hand, 35% of the

C/EBPB (-/-) knockout mice die at early neonatal stage, BAT was considerably reduced

compare with that of wild-type mice, the distribution of the intracytoplasmatic lipid

droplets was sparsely distributed and small in size and as in the C/EBPS (-/-) mice, the
levels of C/EBPo and PPARY mRNA were normal. UCP1 expression in the C/EBPS (-/-)
or C/EBPB (-/-) mice was reduced compared with the wild type mice (Tanaka et al.,

1997).
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In contrast, disruption of both\C/EBPB (-/-) and 8 (-/-) produced a more severe
phenotype: 85% of the double knockout mice died at perinatal or early postnatal stage of

unknown reasons; the remaining mice (1'5%) showed a significant reduction of lipid .

- accumulation at the intercapsular BAT -and minor decrease in WAT (due to a decreased

in the cell number). The analysis of BAT demonstrated the absence of fat droplets

' (Tanaka et al., 1997). Expression of adipocyte genes in the double knbckout mice
' showed that most of the genes evaluated vwere not altered in WAT and BAT,‘but UCP1
i l‘évels were significantly reduced. Level-s of PPARY and C/EBPa. in these mice wére not
| affected in BAT of WAT even though contradictory in vitro results were Obtained_ from
“embryonic fibroblasts. Fibroblasts'isolated from C/EBPp (-/-) and & (-/-) double

knockout mice did not express PPARy and C/EBPa and they did not differentiate. In

vivo, 'rsome k.ind‘ of mechaniém may be involved regulating the expression of PF’ARy’and
C/EBPo: in the absence of upstréam regulators (Rangwala and Lazar; 2000; Tanaka et
al., 199?).

Thus, these results demonstrated C/E‘BPB and C/EBPS work together in terminal
fat dffférentiation. Even though PPARY and C/EBP« are normally expressed in the .

double knockout mice, adipogenesis was impaired. Additionally, expres_sibn of PPARY

and C/EBPa. at least in vivo does not require C/EBPPB and C/EBPS, but induction of the

master regulators PPARy and C/EBPa does not cOrhpIeteiy compensate the absence of

C/EBPB and C/EBPS.




Role of C/EBP in adipogenesis

The essential ‘role of the C/EBP prbteins in .adipocyte differentiation has been
well established usi.ng cell culture models. Ectopic expression of C/EBPJ or C/EBPa. is
. able to force non—adipogeniq cell lines to differentiate into adipocytes (Fréytag et él.,
1"9_94; Wu et al., 1995b; Yeh et al., 1995). Expression of antisense C/EBPa RNA in
-preadipocyte cell lines prevents the differentiation program (Lin and Lane, 1992). The

analysis of promoter regions of adipogenic genes as well as studies of knockout mice

ad|pogeneSIs and other important physiological processes [reviewed in (Cornelius et al.,

- 1994; Darlington et al., 1998 Gregoire ef al., 1998; Lane et al., 1999; MacDougaId and
Lane 1995b; Ramji and Foka 2002; Rangwala and Lazar, 2000; Tanaka et al., 1997)]
A number of adipocyte genes co_ntain C/EBP binding sutes in their proximal promoter and
they are transa;:tivated by C/EBP factors.

C/EBPP and § are the first transcription factors induced after exposure to th‘e
inducers of differentilation; this implies that both factors direct the first steps of the
differentiation process. In vitro results have shown that lack of C/EBP[S _and‘_

C/EBP$ cause a block in differentiation and inhibition of PPARy and C/EBPa. _expression,
which then affects adipocyte gene expreésion. Reintroduction of C/EBPf rescues the
diﬁerentiation process bu_t not the overexpression of.C/EBPB.V C/EBPS is not suﬁicient
by itself, but does accelerate the differentiation process together with C/EBP (Yeh et
al., 1995). This is indicativebthat C/EBPS$ activity ha_é a minor role, and C/EBP is a key
in the cascade promoting adipogenesis. The ability of C/EBP to replace C/EBPa.

activity suggests a dual role for C/EBPP as stimulator of cell determination as well as a
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have demonstrated the involvement of this family of transcription factors in regulating .
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promoter of differentiation (Darlihgtbn et al.,, 1998; Rosen, 2002; Wu et al., 1995b). The

same role is also applicable to C/EBPa. (Freytag et al., 1994, Lin and Lane, 1994).

To establish the role of C/EBPa and PPARY in adipocyte differéhtiation, Wu and |

- colleagues studied the patterns of adipobyte gene expression after ectopic expreéSion of

these regulators using fibfoblasts derived from C/EBPo. knockout mice. These cells go

| through differentiation when PPARy is ovérexpressed, however the I'evels of adipocyte
genes expfession involved in lipid storage were lower compared to control. This

I‘_ruéduction cb'uld explain the smaller lipid droplets within the cytoplasm of these ceIIsv.

Also, these cells overexpressing PPARY did not show insulin dependent glucose_ intake

'compared to C/EBPq. These results defined an additional role for C/EBPa. in

avdipogenesis. Overexpression of both activators in the C/EBP (-/-) cells clearly
demonstrated fuII activation ‘of the differentiation program. This stUdy clearly showed
that PPARy activates expression of C/EBPa, and C/EBPa is necessafy tb activate
PPARYy. Cross-regulation of C/EBPo and PPARy éxpressiori is esse‘n'tial to maintain the-
differentiation state (Wu et al., 1999). | |

vWe haVe already seen a number of studies that have established the key fole for |
C/EBP transcfipﬁon féctdrs in adipogenesis. Nevertheless some aspec’_(s have remained
unrevsolved and require further inve.stig‘ation. One issue came from the sfudies of the
C/EBPB and C/EBPS double knoékout mice. Itis clear that both activators are involved
in BAT and in WAT differentiation. In general, expression of most adipvocyte markers

evaluated looked normal,, excépt that aP2 showed reduced levels, and the BAT marker

* UCP1 was almost absent. Since PPARy and C/EBPa are expressed at high levels in

those mice, it is not surprising to observe expression of some of the late adipocyte

genes. However, some genes were not fully induced in the double knockout even



though the presence of the master regulators was indicative of a possible role of C/EBPB

and C/EBP3 in activating late adipocyte genes. Another aspect that has remained
ambiguous is the binding of these transcription factors at the promoter of genes early
during differentiation. In order to determine the role of C/EBPB and § in the regulation of
late gene markers we examined the kinetic of C/EBPa, B and 8 binding to early and late

adipocyte genes in differentiating 3T3-L1 by chromatin immunoprecipitations. The

results of these studies are presented in chapter 1l of this Thesis.

3.4.2) PPARy

Peroxisome proliferators are a structurally varied group of substances, including
some clinically tested hypolipidemic agents, herbicides, etc., that activate hepatic
peroxisomal proliferation and the expression of enzymes of the fatty acid B-oxidation
pathway (Tontonoz et al., 1995). They control gene expression through the activation of
a member of the steroid hormone receptor family. The activity of nuclear receptors is
regulated by interaction with small lipophilic ligands. The receptor was isolated for the
first time and cloned from a mouse liver cDNA library and named peroxisome proliferator
activated receptor (PPAR) (Issemann and Green, 1990). Subsequently, the human
PPAR gene was cloned (Sher et al., 1993). Then, three related PPAR genes were
isolated in Xenopus, named «, B and y; and in mouse they were referred as PPARa, v,

and & or NUC-I isoforms. Many cell types express more than one PPAR isoform

(Tontonoz et al., 1995).
The PPARs bind to DNA sequences called PPAR response elements (PPREs).
The analysis of these target sequences showed they consist of direct repeats of

AGGNCA-like motifs spaced by one nucleotide (DR-1). In addition, it was found that
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PPARSs form heterodimers with the a second member of the nuclear receptor family, the

retinoid X receptors (RXR)a. (Brun et al., 1996; Tontonoz et al., 1995).

The pattern of expression of-different PPARs in tissues differs. PPARa is found |

~ in liver, heart, kidney, skeletal muscle, small intestine, and BAT. PPARS is expre.s'sed in

many tissues, but markedly in the brain, WAT, and muscle, and PPARy is highly

| expressed in adipose tissue (both BAT and WAT), placenta, large intestine, and

macrophages (Grimaldi, 2001 Tontonoz et al,, 1995)

o

The first study that demonstrated the involvement of PPARYy in adipocyte

differentiation was performed with the preadipocyte cell line 3T3-L1. Treatment of 3T3-

L1 with different peroxisome proliferators caused adipocyte differentiation and the

induction of PPARYy (Chawl'a-e't al., 1994). These results and the presence of PPARy in
adipose tissue .v'vere indicative of a role for this activator in adipocyte differentiation
(Tontonoz et al., 1995)_. Later, it was showed that ectopic expression‘of PPARYy in
different_ fibroblast cells lines enabled them to differentiate into adipoocytes (Tontonoz et
al., 1994c).

The role of PPARY as a master key regulator was later verified by studies using
immortalized fibroblasts Iacking PPARYy. Overexpression of C/EBPa in those cells did not
stimulate adipogenesis, however, reintroduction of PPARYy reestablished ihe
differentiation process (Rosen et al., 2002).

PPARYyis activated by polyunsaturated fatty acids, and in response-to these
lipids, fPPARy reoulates the induction of adipocyte genes. Earlier findings demonstrated
that the antidiabetic thiazolidinediones (TZDs) were capable of initiating adioogenesis

and were later linked to PPARy by Lehmann and colleagues. These investigators




reported that TZDs selectively and efficiently activated PPARYy transcription factor
(Lehmann et al., 1995). After their discovery,'TZ‘Ds have been used extensively in in

vitro differentiation protocols.

PPARY protein structure |

The isolation and cloning’ of the mouse PPARy (later named PPARy1)vwas
reported by Zhu and qol_leagues (Zhu et al., 1993). Simultaneously,v ahother isoform of
the receptor, PPARyZ, which showed expression largely confined to adipocytes, was
isolated and cloned (Tontonoz et al, 1994a). PPARy1 and PPARY2 proteins are
produCed from differential promoter usag-e» and alternative splicing at the 5’ end; The.
trans‘cription of PPARY1 is céntrolled by the promoter P1, which generates messenger
RNA (mRNA) containing two unfranslated exons, A1 and A2, which are spec>ific to
PPARY1 (Fig, 1.12). The 5’ untranslated sequence and the extra thirty N-terminal aminoi
acidé of PPARY2 are enf;oded by exon B, which is located between the seco‘.nd and the
third exons that encode PPARy1. Exons one to exon 6 encode the same sequences in
both isoforms (Fig. 1.12). The cDNA of PPARYZ encodes an extra thirty amino acids. N-
terminal to the first ATG codon of the PPARy1 and showé a distinct 5’-untranslated

sequence (Fajas et al., 1997; Zhu et al, 1995). PPARY1 is expressed.in adipose tissue

‘but also in colon, macrophages and cell of the vasculature. PPARY2 is specifically

expressed in adipose tissue.
PPARY conforms to the established domain structure that is present in the

superfamily of nuclear hormone receptors. The N-terminal region contains the
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Figure 1.12. Organlzatlon of mPPARy gene The eight exons (Al, A2, and 1-6) encodlng

- the mPPARy1 (SO|Id boxes) as well as the seven exons (B1 and 1-6) encodlng

mPPARyZ are shown in the genomic DNA. yPl and yP2 represent the promoter of

mPPARY1 and mPPARyZ, respectively. The corresponding positions of the exons with

- respect to mPPARy1 and mPPARYy2 cDNAs are shown above. Exons numbered 1-6

code for identical sequences in both isoforms starting at the ATG. The mPPARY2 cDNA
encodes an addltlonal 30 amino acids N-terminal to the first ATG of mPPARyl from an
upstreem ATG (indicated by )from exon B1 shown on the genomic DNA. At the top,
the Iecafion vof 5'and 3' uhtranslated regions (UTR) and the DNA and Iigand-binding

domains are shown (Zhu et al., 1995). |
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transcriptional activation function 1 (AF-1) that functions ind'ependently_.of ligand. This
region contains a mitogen-activated protein k'inase (MAPK) phosphorylation site that
when phosphorylated decreasés the transcriptional activity of PPAR. The central

_ domain contains the DNA binding motif, which includes two zinc fingers. The C-terminal |
domain includes the dimerization and th_e ligand binding domain (AF-2) (Rosen and

“Spiegelman, 2001; Willson et al., 2001).

Fuhctional roles of PPARy1 and PPARY2

The functional role of the extra thirty amino acids present on PPARY2 is unclear.
Experirﬁental data have suggested that the extra amino acids in PPARyZ contribute to
trénscriptional activation funétion and insulin increasés that effect (Werman etal., 1997).
To access the sbecific functions of PPARY1 and PPARY2, these factors were
independvently overexpressed in PPARYy null fibroblasts. The results showed that both
proteins have the capacity to stimulate adipogenesis. However, at low Iigand
concentrations, PPARY2 was more adipogenic than PPARy1. Analysis of coactivator
binding and transcriptional analysis showed that PPARY2 has an increased capacity to |
interact with éofactors essential in adipocyte differentiation (Mueller et al., 2002).
Contradictory results were obtained when endogenous expression of PPAR§/1 and
PPARY2 was abrogated by targeting a zinc finger repressor protein to specific regions on
the PPARYy gene prohoter. Adipogenesis was rescued only by overexpression of
PPARY2 and not by PPARY1 (Ren et al., 2002). |

Additionally, it is irﬁportaht to point out that PPARY2 seems to control the

expression of the PPARy1 in WAT. In a time course of differentiation, PPARy1 induction
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followed PPARY2 expression. This.was demonstrated previously by Ren and colleagues
and Saladin and colleagues (Ren et al., 2002; Saladin et al., 1999) and confirmed later -

in vivo by Koutnikova and colleagues (Koutnnkova et al., 2003)

PPARy deflclent animals

The use of genetlcally mOdIerd mice has conflrmed the role of PPARY in_
| adlpogenesns and also has been a tool to examine the role of PPARy in metabolic
- -:,responses (Gray et al., 2005). | |
| The complete absence of PPARy is embryonic lethal affecting trophoblast '
differentiation and placental vascularization. The defects in placental vascularization |
cause m‘)‘/ocardial thinning and consequently death at E10 stage. The placental defects
vtlere‘rescued by g‘enerationv-of,tetraploid embryos, allowing the recovery of one mouse
born PPARy (--). Ali the tetraploid chimeras between E10.0 and term survived, |
demonstrating that PPARY is not vital during embryogenesis. Analysis of the null pup.
demonstrated total absence of WAT and BAT, confirming the ess_ential role of PPARY in
adipogenesis in vivo (Barak et al., 1999). Likewise, through use of a different approach,
Rosen et al demonstrated the pivotal role of PPARY in adipocyte differentiation both in
vao and in vitro. The authors designed a chimeric mouse using wild type and PPARY
(-/-) embryonic stem (ES) cells. Because PPARy (-I-) ES cells contributed weakly to the
to adipose depots formation and not at all to the sebaceous glands of the skin, they
concluded that PPARy is involt/ed in the development and maturation of fat cells (Rosen

et al., 1999).

b
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Regulation of PPARYy expression

~ The sequence analysis of the mouse PPARY2 promoter identified the TATA-like

element (TATTA) located 49 base pair upstream of the transcription start site and

- consensus binding sites for HNF3, C/EBP, and Ap1 transcription factors (Fig. 1.13) (Zhu

ét al., 1995). The role of the C/EBP sites in PPARY2 promoter was established in co-

_transfection studies and demonstrated that the C/EBP proteins are involved in the

activation of PPARY2 expression (Clarke et al., 1997; Elberg et al., 2000; Zhu et al.,
1995).

Another transcription factor involved in adipogenesis through regulation of the
PPARY2 expression is GATA. GATA family members share highly conserved iinc-finger
DNA binding domains and bind specifically to a consensué DNA sequence (A/T)
GATA(A/G) (TOﬁg et al., 2000). VThe proximal PPARY2 promoter region contéihs two
GATA sites. GATA2 and GATA 3, which are expressed in preadipbcytes, bind directly to
both GATA sites on the PPARY2 promoter to negatively regulate its basal tra>ns'criptional
activity (Tong et al., 2000).

In addition to GATA, STAT proteins also negatively regulate PPARY2 expression.‘
Interferon-y (INFy) is a potent activator of STAT1 and treatment of 3T3-L1 with INFy has
been shown to inhibit adipogenesis. The mechanism by which INFy performs its effect is
through regulation of the PPARY2 expression. PPARYy2 promoter contains a STAT site
at -222 from the start site. This site specifically binds STAT1 and négatively regulates
PPARY2 expfession (Hogan.and Stephens, 2001). | |

Kruppel-like factors (KLF) are also involved in the regulation of the PPARY2

expression. KLF are zinc f'inger proteins that constitute an important class
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Figure 1.13. The mouse PPARYy2 promoter.
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of transcription regulators. They are characterized to contain multiple Zinc fingers at the
C-terminus of the prot‘ein and at the N-termiﬁu‘s, which is implicated in transcriptional
“activation and/or rebression a protein-protein interactions domain. This family of
_transcription factor is involved in the regulation of cellular differentiation (Bieker, 2001,
Segre et al., 1999). KLFSis Highly expressed in adipose tissue and KLF2 is highly |

expressed in preadipocytes. It has been demonstrated that KLF2 negatively regulates

PPARY2 expression. The KLF2 inhibitory effect on PPARY2 expressidn is mediated by
direct bindin.g to the pfofnoter as was demonstrated in transient transfection studies
(Benerjee et al., 2003). In contrast, the other member of the femily, KLF5, positively

_ regulates adlpocyte dlﬁerentlatlon (OIShI et al., 2005). It has been demonstrated usmg
reporter assays that KLF controls PPARY2 expression in concert W|th C/EBPB and 5
The proximity of one of the KLF sites at -278 to the C/EBP sites on the PPARY2
promoterbsugges’ted a possible interaction between KLF factor and C/EBP and 8. This
interaction was later confirmed to occur in vivo. ChIP analysis demonstrated the

presence of KLF5 at early time points during differentiation. Mechanisms by which KLF |

proteins modulate PPARY2 expression are still unknown.

Whi|ev studying the role of SWI/SNF in adipogenesis, we observed that PPARY2
expression was affected by the presence of dominant negative BRG1. To s’tudy the
mechenisms by which SWI/SNF modulete PPARY2 expressien, a series of chromatin

| immunoprecipitatio_ns were performed to temporally characterize ‘pivotal protein

interactions at the PPARY2 promoter. The results and analysis of these experiments are

presented in the following Chapter of this thesis.




The work presented in this chapter was published in Molecular and Cellular Biology
(2004) volume 24: 4651-4663. Data presented in figure 1.7 was generated by Hengyi
Xiao, Ph.D.
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CHAPTERII

TEMPORAL RECRUITMENT OF TRANSCRIPTION FACTORS AND SWIISNF
CHROMATIN REMODELING ENZYMES DURING ADIPOGENIC INDUCTION OF THE
| PEROXISOME PROLIFERATOR ACTIVATED RECEPTOR yNUCLEAR HORMONE

RECEPTOR

Abstract

The peroxisome proliferator activated receptor gamma (PPARY) regulates adipogenesis,
lipid metabolism, and glucose homeostas’is, and roles have emerged for this receptor in
the pathogenesis and treatment of diabetes, atherosclerosis, and cancer. We report
here that induction of the PPARY activator and adipogenesis forced by ov‘erexpression of
adipogenic regulatory proteins is blocked upon expfeésion of dominant negative BRG1
or hBRM, the ATPase subunits of distinct SWII/SNF chromatin remodeling enzymes. Wé
demonstrate that histone hyperacetylation and the binding of C/EBP activators, RNA
polymerase Il, and general transcription factors initially occurred at the inducible PPARYZ
promoter in the absénce of SWI/SNF function. However, the RNA polymerase and
geheral transcription factors were subsequently lost from the promoter |n cellé
expressing dominaht negative SWI/SNF, éxplaining the inhibition of PPARY2 expression.
To corroborate these datav, we analyzed interactions at the PPARyZ promoter in |
differentiating pre-édipocytes; Chahges in promoter structure, histone hyperacety|ation,
and binding of C/EBP activators,:RNA polymerase Il, and most general transcription
factors precedéd the interaction of SWI/SNF 'enzymes with the PPARY_Z promoter.

However, transcription of the PPARY2 gene occurred only upon subsequent association



of SWI/SNF and TFIIH with the promoter. Thus induction of the PPARY nuclear
hormone receptor during adipogenesis requires SWI/SNF enzymes to facilitate pre-

initiation complex function.
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Introduction

Differentiation of adipocytes, as with all differentiation events, involves
~programmatic changes in gene expression patterns. Genes specifically expréssed in
adipocytes must be activated; the concerted action of several transcriptional regulatofs,
“including C/EBPa., C/EBPS, and_thé nuclear hormone receptor PPARY; controls these
activation ev_ents via direct interaction with PPARy and C/EBP binding sites in adipocyte-
specific gene regulatory sequences [reviewed in (Debril et al., 2001; Rangwala and
Laiar 2000; Rosen and Spiegélman 2000)]. Each of these regulators is expressed with
different klnet|cs during adlpocyte dlfferentlatlon in culture, yet forced overexpressmn of
any is sufflment to initiate adlpogenlc differentiation in flbroblast cells (Freytag et al.,
1994; Tontohoz et al., 1994c¢; Wu et al., 1995b; Yeh etal, 1995). Function of the PPARYy
regulatorbis especially critical, as many of the genes involved in adipogenesis as well as : |
glucOsevhomeostasis are activated by this nuclear hormone receptor. Since "adipoéyte
specific genes are not expressed prior to differentiation, it is likely that the regulatory
sequences controlling the expression of these genes are incorporated ‘into arepressive
chromatin structure that is refractory to gene expression. - Eukaryotic cel_ls have evolved
two classes of enzymes that can altef chrbmatin structure to control accessibility to the
transcriptidnal machinery. These include histone modifying enzymes, which post-
.translétionauy- modify the.N-and C-terminal domains of the .indiViduaI histone proteins
that comprise the hucleosome, and ATP-dependent' chromatin remodeling enzymes,
which alter structufe by disrupting the histohe:DNA contacts of vthe nucleosome, thereby

altering nucleosome conformation and, in some cases, altering the position of the
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Vhistone octamer along the DNA [revieWed in (Naf_likar et al., 2002; Strah! and Allis, 2000;
Turner, 2002)].

The mammalian SWI/SNF family of ATP-dependent chrdmatin”r‘emodelin_g. o
_ enzymes includes members cbntaining-veither the Brg1 or Brm ATPase. Although the
mammalian SWI/SNF enzymes share most of the same subunits, multiple forms of these
" enzymes exist; thése are distihguished by the ATPase preseht, the prééence of unique
“subunits, and/or the presencé_ of tissue spééific isoforms of common subunits (Olave ét
'fél., 2002: Sif et al., 2001; Wang et al., 1996a; Wang et al., 1996b). In vitro analyses of
' lhBRM and different BRG1 containing énzymes reveal many similarities in chromatin
.r‘emodeling‘asse._ays (Sif et al., 2001). In vivo, however, clear differences in function likely
exist. Brg1 knockout mice are embryonic lethal and heterozygotes are predisposed to
tUm'orsv(B‘uItman et al., 2000). Brm knockout mice and cells, in contrast, show only
modest proliferation differences compared to wild type (Reyés et al., 1998). Additionally, |
at the mqlecular Ievel, chromatin immunoprecipitation (ChIP) analyses have revealed
that Brg1 and Brm can be présent on different promoters (Kadam and Emerson, 2003;
vSoutogIou and Tallan|d|s 2002), supporting the idea of differential functlons

Coliectively, the literature reveals that Brg1 and/or Brm can physmally mteract
_ wich a number of different transcriptional regulatory proteins and these proteins have
been localized by ChIP studies to the promoter sequences of a number of inducible
genes durlng transcrlptlonal activation. In particular, previous work has indicated a
requirement for or a contribution by SWI/SNF enzymes for act|vat|on of ceIIuIar |
differentlatlon genes. Myeloid, erythrocyte, enterocyte, muscle and adipose cell
diﬁerentiation‘events have been linked to the presence of functional SWI/S‘NF enZymeé

(Armstrong et al., 1998, de IaSema et al., 2001a; Kowenz-Leutz and Leutz, 1999;
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Pedersen et al., 2001; Soutoglou and Talianidis, 2002) and, in a more |imited number of
cases, to the ability of SWI/SNF enzymes to-alter chromatin structure at or near
inducible promoters. In the case of adipogenesis, the factor C/EBPa, aiready known to

,‘ bhysically interact with the RNA polymerase‘ Il associated general transcriptien factors

TBP and TFIIB (Nerlov and Ziff, 1995), was shown to have the capability to'interact With

. hBRM (Pedersen et al., 2001). Moreover, the derﬁain mediating this interaction wae

critically required for the ability of C/EBPa to trans-differentiate fibroblasts inte adipocyte-

like cells. In vitro, | the competency of PPARY to activate in vitro transcription templates
assembled |nto chromatin was dependent on a specific BRG1 -containing SWI/SNF
enzyme (Lemon et al., 2001). However, the nature of the role that SWI/SNF enzymes
play in facilitating adlpogenenlc gene expression remains to be determuned

Here, we explore the funbtional role of SWI/SNF'enzymes during adipocyte
differentietion by examining the activation of the PPARy regulator itself. PPARy mRNA :
is expressed from two distinct promoters that give rise to two distinct isoforms, termed

PPARY1 and PPARY2 (Zhu et al., 1995). We focused on PPARY2 expression because in |

differentiating pre-adipocytes, PPARY2 is highly induced and is the predominant isoform

in differentiated adipocytes (Saladin et al., 1999; Tontonoz et al., 1994a), while in
undifferentiated and differentiated fibroblasts, PPARY1 expression was not observed

(see below). We found that the SWI/SNF enzymes are critically required for trans-

differentiation of fibroblasts along the adipogenic pathway. Temporal analyses of factor

binding to the PPARY2 prom:oter revealed that the BRG1-based SWI/SNF enzymes did

not facilitate ac;tivator binding to the promoter, but instead promoted pre-initiation

eomplex function. Examination of PPARY2 aetivation during differentiation of committed

pre-adipocyte cells confirmed that changes in chromatin structure, activator binding, and
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‘assembly of multiple Components of the preinitiat:ion complex did not require SWI/SNF
| function. Nevertheless, activation of PPARY2 transcription did not occur until SWI/SNF
énd TFIIH subsequently were‘brought to the promoter. Thus, uéing two'different_ cellular
- models for adipocyte differenti.atiOn, we_demonstrate that activation of the PPARy
. regulator critically depend's upon SWI/SNF enzymes, most likely by facilitating-

preinitiation compléx assembly and function.




74

Materials and Methods

'Plasmids. The retrovirus encoding mouse PPARY2 (Tontonoz et al., 1994c¢) and
- ¢DNAs encoding rat C/EBPa. (Landschulz et al., 1988) and mouse C/EBPJ (Cao et al.,
1991)-were kindly provided by Dr. Bruce Spiegelman. C/EBPa and C/EBPJ were

- subcloned into pBabe-Puro (Morgenstern and Land, 1990).

Cell lines and differentiation methods. The derivation and maintenance of the cell

Iinés that express dominant-negative human BRG1 (B22 and B24), dominant negative

_ human BRM (H17), and tkhe Tet-VP16 feg'u|ator (Tet-VP16) were described (de La Serna
ef al., 2000). To infect cell I}i-nes, BOSC23 cells were cultured in 100 mm dishes and
transfected at 80% confluence by FUGENE (‘Roche) with 10 ng of pBabe-PPARY2,
pBabe-C)EBPa_, pBabe-C/EBPp or the empty vector as described (Pear et al., 1993).
Viral supernatants were harvested 48 hrs after transfection. Dishes (60mm)'of B22,
B24, H17, or Tet-VP16 cells at 50% confluence were infected with virus in DMEM
containing.10% calf serum, 4 pug/mi of polybrene and 2 pg/mi tetracycline in a final -
volume of 5 rhl. The corresponding cell lines were split 1:3 48 hrs after infection and
placed under selection with 2 ug/ml puromycin in the presence of tetracyclin'e.
Subsequently, each virally infected ceII.v.Iine was split 1:4 into _media containing or lacking

tetracycline. After 96 hours the media was changed. Plates designated to be un-
differentiated received and continued to be maintained in DMEM plus 10% calf serum in
the presénce or absence of tetracycline while the plates designated for differentiation
received DMEM plus 10% fetal calf serum plus cocktail containing 0.5 mM

methylisobutylxanthine (Sigma), 1 uM dexamethasone (Sigma), 5 pug/ml insulin and 10
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uM troglitazone (Biomol) in the pfeéence or absénce of tetracycline for 48 hrs. The cells
were subsequently maintained in DMEM plus 10% FCS with 5 ug /ml insulin and re-fed -
every two days for up to 8 da;}s.

3T3-L1 preadipocytes_were pur‘chased from ATTC and maintained in grthh
medium consisting of DMEM_containing 10% calf serum and were induced to - |

~ differentiate as deécribed (Wu et al., 1995b). .

- bil Red O staining. 60 mm dishes were washed twice with PBS and fixed with 10%
» buffered formalin for 30 min. The formalin was aspirated and the ceils were stained for 1
“hrin freshly diqued Oil Red O solution (Sigma), prepared by mixing 6 parts Oil Red O
stock srolvution (0.5% Oil Red Oil in isopropanol) and 4 parts distilled water. The stain

was removed; cells were washed 3 times with distilled water, and photographed.

RNA Analysis. RNA isolation and analysis by Northern blot was described (de la Serna
etal, 2001c). Probes were derived from plasmids containing PPARY, aP2, or adipsinb
cDNA (r.)rov'ided by B. Spiegelman) and were labeled by random b_riming._ Washed blots
were exposed to a Phosphorimager (Molecular Dyhamic_s).

For RT-PCR, total RNA (3 micrograms) was reverse transcribed with MoMLV RT
(Invitrogen). cDNA was amplified by PCR with Taq polymerase (Invitrogen; 2.5
units/reaction), 0.2 vadN‘I"Ps, 8 ng/ul of each primer, and either 1mM (C/EBPa), 1.5
mM (PPARY), or 2.5 mM (HPRT) MgCl,. The initial denaturation step was at 95 °C for 5
min and was followed by 25 cycles (PPARy and G/EBPol or 27 cycles (HPRf). A cycle
for PPARY PCR consisted of denaturati.on for 30 sec, annealing for 40 sec at 68 °C, and -

extension at 72 °C for 30 sec. For C/EBPu. it consisted of denaturaﬁon for 50 sec,
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annealing for 55 sec at 66 °C, and extension at 72 °C for 50 sec. The final round of .
extension was for 5 min. The sequence of tiie prim.ers were: 5'-
GCATGGTGCCTTCGCTGATGC-B' and 5-AGGCCTGTTGTAGAGCTGGGT-3' for

- PPARY2 (340 bp product); 5‘-CCGGCCGCCTTCAACGACf3' and 5'- |
CTCCTCGCGGGGCTCTTGTTT-3' for C/EBPa. (288 bp product). HPRT and PPARi(1
. RT-PCRs were described (de ia. Serna et al., 20010; Zhu et al., 1995).»

Nuclear run-on analysis was performed as described previously by Schiibeler
and Bode (http://jUergenbode.gmxhome.de/to1176.htm) on nuclei isolated from ~4x10°
differentiating 3T3-L1 preadipoéyte cells that were collected at days 0, 2, 4, 5, 6, and 7
after induction‘ of differentiation. Hybond N+ membranes (Amérsha_m) were prepared for
hybridization as described (Ausubel et al., 1996). Inimobilvized DNAs incl‘uded 0.1 ugof
genomic DNA fr‘om 3T3-L1 pre-édipocytes, 3 ug EcoR.1 “linearized pBABE and pBABE-
PPARY2, or 3 pug of PCR product corresponding to nucleotides 181-531 of the mouse
36B4 CDNA, to nucleotides 111-641 of mouse Gapdh, or to Hprt. The HPRT PCR

product was described (de la Serna et al., 2001c¢).

Protein extracts and western analysis.' Isolation»of protein and western blqttirig were
described (de La Serna et al., 2000). Antibodies utilized included C/EBPB (Santa Cruz,
sc-7962), M2 anti-FLAG (Sigma), and P|-3 Kinase (Upstate, Q6-496). Determination of
the total Brg1 Ievels in Fig. 1.4 was perfbrmed by scanning multiple film exposures and

quantifying in ImageQuant (Molecular Dynamics).
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Accessibility assays. Restriction éniyme and DNAse | accessibility assays were
performed as described (de la Serna et al., 2001a), except that buffer M contained 0.15
rhM spermine and 0.5mM spérrhidine. DNAse | was purchased from‘ Promega. Probes
. P1 and P2 were PCR fragments correspondlng to —-1579 to —1187 and —105 to +138.

from the mouse PPARyz promoter (Zhu et al., 1995)

" Chromatin Immuno_precipitation (ChIPs). The procedure was adopted from fhe‘ Upstate

| protocol. Cells at the indicated time points were fixed by adding 37% formaldehyde to a final

o f»concentratlon of 1% and incubated at 37° Cfor 10 mlnutes Cross- Imkmg was stopped by

| adding glycine to a final concentration of 0.125M. Cells were washed twnce with cold PBS and
collected in 1 ml PBS containing protease inhibitors. After centrifugation, the pellet of cells were
resuspended in SDS-lysis buffer (1% SDS, 10mM EDTA, 50mM Tris-HCI, pH 8.1) con.taining
profeasé inhibitOr_s and incubated on ice for 10 minutes. Cell lysates were sheared extenster
by sdnication (Ultrasonic processor from Cole and Parmer, 3mm tip at 80 Watts)}on ice to obtain
fragmehts_ from 200 to 600 bp, as revealed by ethidium bromide staining of aliquots run on
agarosé gels. Samples were centrifuged to pellet debris and an aliquot was taken for gel
analysié and inputs. 100 ng of soluble chromatin was diluted 10 ﬁmes with IP buffer (0.01%
SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris, pH 8.1, 167mM NaCI) containing

' protéase inhibitqrs and precleared for 3 hours at 4°C with 50% slurry of bp'rotein A GorLinTE
(depending on the isotype of the antibody used) in the presence of 20 ug sonicated salmon
sperm DNA and.1 mg/rﬁl BSA. After incubation, the beads were pelleted and the s_upernatanf
immunoprecipitated with antibodies of interest (see below) at 4°C overnight. Immune

, com‘p‘)l'exes were collected With 50% sl.urry of proteih A, G or L containing 20 Qg sonicated
salmon sperm DNA, and 1 mg/mi BSA fn TE by incubating at 4°C for 1 hour. Sebharose beads

were washed sequentially for 5 minutes at 4°C with wash 1 (0.1 % SDS, 1% Triton X-100, 2 mM
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EDTA, 20 mM Tris-HCI, pH 8.1, 150 mM NaCl), wash 2 (wash 1 contaihing 500 mM NaCl),
wash 3 _(0.25M LiCl, 1% NP40, 1% sodium deoxycolate, 1mM EDTA, 10 mM Tris-HCI, pH 8.1)
“and finally twicebwith TE, pH 8.0. Immune complexes were eluted from the beads witvh 1% SDS
_in TE, pH 8.0, and protein-DNA cross-links were reversed by adding 200 mM NaCl and heating
at 65°C overnight. After treathent with proteinase K, the samples were purified with QIAquick
PCR purification Kit (Qiagen). Oné tenth-of tHe im‘munoprecipitated DNA and 1% of the inputs
DNA were analyzed by PCR. | | |
Antibodies usédincluded Brg1, Brm and Ini 1 (de La Serna ét al., 2000), di-

acétylated (K9K14) H3 (Upstate’, 06-599), tetra-acetylated H‘4 (Upstate, 06-866), Pol-Il
CTD-Sér-5P (Covance), and the follbwing’ Santa Cruz antibodies: C/EBPo. (sc-9314),

C/EBPB (sc—7962-), C/EBPS'('sc-151), TFIIB (sc-274); TBP'(sc-2-73), TFIIH (s¢-293).

When RNA polYmerase Il antibody was used, 10mM NaF was added to all buffers. PCRs
were performed with Qiagen HotStart Taq master mix in the presence of 2uCi o->?P dATP |
under thé following conditions: 94°C, 15 minutes, followed by 26 cycles (B-actin) or 27

cycles (PPARY2) of Q4°C for 30 sec, then éither 65°C for 40 sec (B-actin) or 49.5°C for 40 |
sec (PPARY2), then 72°C for 30 sec, followed by a 72°C extension for 5 min. PCR:

prqducts were resolved in 8% ponacriIarhide-1X TBE gels, dried and exposed to a
Phospholmager. Primers used were: B-actin: 5’ (+31)GCTTCTTTGCAGCTCCTTCGT
TG-3'and &' (+135)TTTGCACATGCCGGAGCCGTTGT-3’ and PPARyZ promoter 5' (-
| 413) TACGTTTATCGGTGTTTCAT-3' ahd 5 (-247) TCTCGCCAGTGACCC-3’.

Experiments utilizing RNA pQIymerase Il or general .transcription factor antibodies were

also berformed using prim’ers spanning —216 to —20 of the PPARY2 ‘promoter with

identical results.
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Results

SWI/SNF enzymes are requ‘ired for differentiation of fibroblasts along the
adi'pogenic.pathw'ay o |

* We previously described the B22 and H17 fibroblast cell lines that utilize the tet-
regulatory systerh_to indUciny' express aﬁ ATPase-deficient, FLAG-tagged hurhah.allele |

of BRG1 (B22) or an ATPase-déficient, FLAG—tagged human allele of hBRM (H17). The

) ?arent for these cell Iihes, termed Tet-VP16, inducibly expresses only the tet-VP16
~ transactivator and thus serves as a control for our experiments. The mutant BRG1 and

hBRM protein expressed in B22 and H17 cells are competéht to associate with other

endogenous subunits;of SWI/SNF chromatin remodeling enzymes and can act as
dominant negatives with regard to different inducible gene activation events (de La

Serna et él., 2000;- de la Serna et al., 2001a).

To determine the requirement for BRG1- and hBRM-based SWI/SNF enZymes in
adipogenesis, we forced the differentiation of these cells in the presence (dominant
neg.ative OFF) or absence (dominant negative ON) of tetracycline by infection with

retroviral vectors encoding the PPARY nuclear hormone receptor or the C/EBPo.or

. C/EBP activators. Cells infected with empty retroviral vector served as a control. Cells

then were spilit into media containing or lacking tetracycline for 96 hours and
subsequehtly were cultured fqr 7 days in the presence or absence of a differentiatioﬁ
regiment that included exposure to a differentiation cocktail (seé rﬁethods) 'containi‘ng |
troglita_z\obne, a synthetic PPARy Iigand. Adipocyte differentiation was shown by staining

with Oil Red O, a lipophilic dye. In our hands, approximately 15-20% of the PPARYy

infected cells stained with OiI.Red O, which is similar to previous data for un-modified
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NIH3T3 cells infected with PPARy (Tontonoz et al., 1994c). Tet-VP16 control cells

stained_positively when infected with the PPARy retrovirus but not when infected with the

empty vector (data not shown),r and differentiation into adipocytes was dependent on

- exposure to the differentiation cocktail (Fig. 11.1). .The presence or absence cf
tetracycline made no difference, as expected. In contrast, B22 and H17 cells infected

- with the PPARY retrovirus and cultured in'the abeence of tetracycline did not differentiate
(Fig. I1.1), sdggestingthat the expression of dominant negative BRG1 or hBRM
interfered with the differentiation' process. The same results were obtained for cells

infected with either the C/EBF’ar or the C/EBP virus (data not shown).

SiNIISNF enzyrnes are reqbtiiired for the actiiration of adipegenic genes as well as
for activation cf PPARYy
We analyzed the mRNA levels of twc adipogenic marker genes, aP2 and adipsin,

in cells expressing PPARY, C/EBPq, or C/EBPB. Cells infected with the PPARY
retrovirus and cultured in the presence of tetracycline and differentiation cocktail
expressed both genes, while cells cultured in the absence of tetracycline produced
dominant negative BRG1 and inhibited the expression of both genes (Fig. I.2A = right
panel). Expression of PPARY in each of the samples was monitored by RT-PCR (Fig.
11.2B — right panel) and induction of dorninent negative BRG1 was monitored by FLAG
' expression (Fig. Ii.2C — right panel). Other experiments demonstrated that the related
B24 ceII; line, which also inducibly expresses dominant negative BRG1, and H17 cells,
which inducibly express dominant negative hBRM, similarly inhibited expression of
edipogenic marker genes in the presence of dominant negative protein (deta not shown).

Control Tet-VP16 cells infected with PPARyY encoding virus showed accumulation of both



81

Differentiation

Tetracycline

B22
PPARY

H17
PPARY

Tet-VP16
PPARyY

Figure Il.1. Expression of dominant-negative BRG1 or hBRM blocks the ability of
PPARy2 to induce adipogenesis in fibroblast cells. B22 and H17cells, which inducibly
express ATPase-deficient, dominant-negative BRG1 or hBRM, respectively, upon
removal of tetracycline, or Tet-VP16 cells, which induce only the Tet-VP16 regulator,
were infected with a retroviral vector encoding PPARY2, grown in the presence or
absencé of tetracycline, and differentiated for 7 days in the presence or absence of
differentiation cocktail (see Materials and Methods). Cells were fixed, stained with Oil

Red O, and photographed.
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Figure 11.2. Expression of dominant-negative BRG1 blocks‘the ability of PPARY2,
C/EBPa, or C/EBPB to induce adipogenesis in fibroblast cells. B22 cells were infected
with retroviral vectors encoding PPARY2, C/EBPa, or C/EBPJ, grown in._bthe presence or
absence of tetracycline, and differenﬁated for 7 days in the presence or abseﬁce of
differentiation cocktail. Samples in Ianes marked Ad}ipocyte were taken from 3T3-L1
pread'ipovcytes differentiated for 7 days. (A) Northern blot shdwing levels of aP2 and
adipsin mRNA. Ethidium bromide st'aining of rRNA is shown as a control. (B) RT-PCR
showing levels of PPARY2 and C/EBP mRNA. HPRT mRNA IeVeIs are shown as a
control. (C) Western blot showing levels of FLAG-tagged dominant-negative BRG1,

C/EBPS, and Pi3-kinase.




aP2 and adipsin mRNAs, regardles's of the presence or absence of tetracycline (Fig. I1.3,

lanes 9-10). The results demonstrate that expression of dominant negative BRG1 or
hBRM interfered with the differentiation process by preventing expres.si()n of adipog_enic '
. genes. Since BRG1 and hBRM have only been found in cells in a large molecular
weight complex associated wnth the other SWI/SNF subunits; presumably adlpogene3|s
" is also dependent on the activity of the SWI/SNF chromatin remodellng enzymes.
AdlpogeneS|s also can be mduced in culture via ectoplc expressnon of the ceIIuIar
'ft‘ranscrlptlon factors C/EBPoc or C/EBPB (Freytag et al., 1994; Wu et al., 1995b; Yehet
al., 1995). When 822 cells were infected with retrovirus expressing elther C/EBPoc.or
“C/EBP, a similar block to aP2 and adipsin gene expression was observed in the
presence of dominant-negatiye BRG1, though in cells expressing C/EBPa, the aP2 and
adipsin rnRNA‘IeveIs Were reduced 85-90% and were not cempletely absent (Fig. I.2A - |
left panel). Expression levels of C/EBPa (Fig. 11.2B — left panel), C/EBPB and dominant
negative-BRG‘I (Fig. II;2C - Ieft panel) in these sa'mples were monitored by RT-PCR or
western. blot. Similar results were obtained in H17 cells expreesing dominant negative
hBRM (data not shown). As anticipated, Tet-VP16 cells infected with C/EBPa. or
C/EBPpB encoding virus expressed both aP2 and adipsin mRNAs in both the presence
~ and absence of tetracycline (Fig. II.3, lanes 13-14 and 17-18). Thus,-SWI/SNF
chromatin remodeling enzymes elso are required for activation of the adipogenic gene
program by C/EBPd or C/EBPB.
. Interestingly, cells induced to differentiate vi_a expression of C/EBPo or C/EBPJ
activated PPARy expression in a SWI/SNF dependent menner (Fig. 11.2B- left panel). -

This suggests that during differentiation promoted by C/EBPa. or C/EBPB, induction of
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Figure Il.3. PPARY2, C/EBPa, and C/EBPB induce adipogenesis in Tet-VP16 control
fibroblasts. Tet-VP16 cells were infected and manipulated as described for Fig. 2. (A)
Northern blot showing levels of aP2 and adipsin mRNA. Ethidium bromide staining of
rRNA is shown as a contrdl. (B) RT-PCR showing levels of PPARY2 and C/EBPa
h’]RNA. HPRT mRNA is shown as a control. (C) Western blot showing levels of FLAG-

tagged dominant-negétive BRG1, C/EBP, and PI3-kinase.
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PPARY — one of the earliest»Steps in differentiatidn — is dependent on tne activity of
BRG1 or BRM. This explains the significant decrease in aP2 and adipsin expression in
these cells. vHowever, the data p.resented here also indicate that SWI/SNF’enzymes.
play a broader role in adipogene'sis thanﬁjust promoting induction of PPARY, because
when the inductien of PPARy is bypassed by pfoviding PPARYy via retr_bviral infectiqn,

| expression of the downstrearn adipogenie marker genes remained SWIiSNF dependent
(Fig. 11.2 — right panels). ‘ Thi.i_s the data indicate that SWI/SNF eniymes are required for

'f}tg'oth early and late gene activation events during adipocyte differentiation.

‘Kinetics of PPARYy2 eXpression in differentiating cells

To further analyze the molecular events eontrolling activation of the adipogenic '
nathWay, we init'iated differentiation by infecting cells with C/EBPa, as in our hands we
could observe that nearly 70% of cells differentiated and accumulated lipid droplets (data
not shown). RT-PCR analysis of PPARY2 mRNA levels in cells grown in the presence df
tetracyciine showed a detectable accumulation on day 1 of differentiation, with robust
levels present from days 2-7 (Fig. 11.4). Low levels of PPARY2 transci'ipts ‘were observed |
in ceIIs growninthe absence of tetracycline. We could not detect PPARy1 mRNA in
tnese cells. Western analyses conf‘irmed that C/EBPo was present at eqdivalent levels
in each sample (Fig. 11.4). Analysis of FLAG-tagged protein levels indicated expression
of the mutant BRG1 protein occurred in all samples grown in the absence of tetracycline.
Re-p_robing of this blot for totaI'Brg1 Ie‘vels revealed only a 1.5 - 2.0 fold increase in
- l‘evelsvef Brg1-in the cells expressing the dominant negatii/e BRG1. This su‘ggest_s that.

the levels of mutant Brg1 are only a fraction of the total Brg1 present in the cells yet still
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Figure 11.4. Expression levels of adipogenic regulators during differentiation of fibroblast
cells along the adipogenic pathway. B22 cells were infected with a retroviral vec;tor |
encoding C/EBPa, grown in the presence_‘ or absence of tetrac;ycline, and differentiated.
Expression levels of adipogenic régulators are given as-a function of time of‘

differentiation. PPARY2 and PPARY1 transcript levels were measured by RT-PCR. HPRT

levels are shown as a control. The lane marked C'is a positive control from day 7

differentiated 3T3-L1 preadipocytes. C/EBPa, total Brg1', dominant negative, FLAG-

tagged BRG1, and PI3-kinase levels were measured by Western blotting.
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function as dominant negative prbtéins. Alternatively, expression of the mutant Brg1
reduces expression from the endogenous locus, perhaps for the purpose of maintaining
a specific overall level of Brg1' protein. In either case, the results indicate that high levels

~ of Brg1 overexpression are not occurring in the differentiating cells.

Histone hyperacétylation and binding of C/EBP factors to the PPARyZ promofer is
‘independent of ‘Brg.1 -based_SWIISNF aétiVity | |
i The mouse PPARY2 promoter ha_s beeri defined but not well characterized
| functidnally. Of inierest, however, is the presence of multiple C/EBP binding Sites ii'l the
promoter, including two half-consensus sites around —325 relative to the mRNA start site
that contiibute to activation of PPARY2 reporter genes (Elberg et al., 2000). To |
trem.pora.l‘ly anaiyZe factor interactions at the endogenous PPARY2 promoter, we
perfoimed chromatin irﬁmunoprecipitation (ChIP) experiments and amplified either
PPARy2 promoter sequences or B-éctin sequences as a control. Because we forced
differentiation by ectopically expressing C/EBPa before inducihg differentiation, we were
not surprised to see intiaraction of C/EBPa with the PPARY2 promotef at the initiation of |
the ciifferentiaiioh process and throughout the time course. This observétion likely
| réflects and explains the capacity of C/EBPoc to initiate the adipogenic gene expression
program in non-adipogenic ‘cells.‘ The presence of dominant negative BRG1 had no or
little effect on C/EBPa interactions (Fig. I1.5A). In differe:ntiaiing-adipoéytes, there is a
temporal order tb eXpressio_n oi the C/EBP family members, where C/EBPJ and C/EBPS

are rapidly induced, then are shut off over the first few days of differentiatioh.
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Figure I1.5. ChIP analysis of interactions on the lPPARyZpromoter as é function of time
of differentiation. B22 cells were infected with a retroviral vector encoding C/EBPo,
grown in the presence or absénce of tetracycline, and differentiated. Ohe percent of
~input is shown for each expe’rifnent. Poﬁions of the PPARY2 promoter or the B-acﬁn 5
untranslated regioh and cbding sequence were. amplified from each sample. (A) Leveis
of interactions with C/EBPa, §, and 8.» (Bb)' Levels of interactiohs with tetra-acetylated H4
and K9-, K14-diacetylated H3 (C) Levels of interactions with totél Brg1, dominant-
‘j.riivég'ati\’/eb, FLAG t'agged}BRG1, and Ini1 '.'_-(D) Levels of interactions with TBP, TFIIB,
TFIIH, p89, and RNA polymerase |l phosphorylated on Ser-5 of the CTD. " inset: linearity
“controls for PCR amplifications. Each ChiP was repeated in two to five independent
experiménts. The data shown’ in parts A, B, and 'C derive from a single differentiation

experiment. ChIPs in part D derive from a different differentiation experiment.
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Subsequently, C/EBPa is induced at about day 2-3 and is maintained dﬁring
differentiation [reviewed in (Lane et al., 1999))]. We.therefore examined interactions of
C/EBPB and C/EBPS at the PPARY2 promoter. Somewhat surprisingly, both C/EBPp

- and C/EBPS showed a robus‘t_inductioh of occupancy of the promoter at days 1-2 of |
differentiation, despite the presence of ectopic C/EBPa, and regardless of the presence
~of dominant negative BRG1 (Fig. I.5A). Thus there appears to be a preferehce during
the early stages of differentiation for interaction with C/EBPB and C/EBPS. In addition,
binding of these factors does not require functional SWI/SNF enzymes.

There are a multitpde of histone modifications and other ATP-dependent
chromatin remodeling activities that may .rhediate C/EBP factor binding in the pfesence
of mutant SWI/SNF enzymeé. We examined di-acetylatioh of histone H3 on lysines 9
and 14 as well a.s tetra-acetylatibn of H4 (Fig. 11.5B). Levels of tetra-acetylatéd H4 were
high at the beginning of the differentiation process and remained constant throughout.
In contrast, there was induction of di-acetylated H3 at day 1, cohcurrent with voccup.ancy
of the promoter by thé C/EBPB and C/EBPS factors. Acetylation of H3 and H4 was

unaffected by the presence of dominant negative BRG1.

C/EBP factors initiate recruitment of SWI/SNF and RNA polymerase Il associated

general transcription factors to the promoter

Previous wo_rk has demonstrated that both C/EBPq, and C/EBPB can physically
interact with the SWI/SNF component hBRM in cells overexpressing both proteins
(Kowenz-Leutz and Leutz,v 1999; Pedersen et al., 2001). Additionally, C/EBPa interacts
With the RNA polymerase Il associated general transcription factors TFIIB and TBP

(Nerlov and Ziff, 1995)'. These data have been used to argue that the C/EBP factors can
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.recruit SWI/SNF and general franséription factor§ to facilitate transcription. ChlIP
experiments against the ‘FLAG-taned ATPase-deficient BRG1 produced in B22 cells
revealed that the mutant-ATPése, when expressed, was present on thePPARYZ_

- promoter as early as day 0 and maxima‘I‘Iy from day 1 through day 7 of differentiation -
(Fig. 11.5C). Th'us the preSence of C/EBPa may be recruiting SWI/SNF to the promoter
at or before the onse_t of differéntiation, pbssibly reflecting the.ability of these prote‘ins to -
'physically interact. ChIP analysis of Brg1 ‘and the SWI/SNF component Ini1 revealed

. R'_"i'netics’ of promoter occupancy that were similar to each other and to FLAG-tagged
mutant BRG1. Prbmoter occupangy in cells not expressing the dominant negétiye :
BRG1 (plus tetrécycline) differed in that interaction of SWI/SNF components peaked at
day 2, which coincides with full induction of PPARyZ transCription (Fig.l1.4). The |
obse‘rved .interéétion of the mutant BRG1 with the prombter on day 0 may be due to the
modest overexpréssion of total Brg1 in the cells expressing rnutant BRG1 (Fig. 11.4).-

Analyses of phbsphorylated RNA polymerase 1l and its associated general

| transcription factors, TBP, T.FvIIB, and TFIIH, indicated that each of these factors is |

present on the PPAR\Q promoter on day 0, and occupancy in _the presence of the

dominant negative SWI/SNF complex is essentially unaffected on days 0 and 1 (Fig.

"~ 11.5D). Thus SWI/SNF function is not required to assemble these factors onto the

promoter in the presence of ectopic C/EBPo. However, the presence of the C/EBP

factors, Brg1-baéed SWI/SNF-enzyme, and these GTFs on the promoter are not-

sufficient to initiate transcription at day 0. Maximal induction of PPARY2 transcription in
t‘he pfesence of functional SWI/SNF enzymes occurs on day 2 (Fig. l.4). In contrast,
starting on day 2 and continuing througnout the rest of the time course, the assoc.iation

of TBP, TFIIB, RNA polymerase Il, and especially TFIIH is compromised in cells
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expressing the dominant hegative BRG1 (Fig. 11.5D). Western blot anaiysis of these.
GTFs and RNA polymerase Il shows that the Ieyels of the‘se factors are not altered by
differentiation. or by expr‘essionbof the dominant negative BRG1 (data not shown). Thus,
. on or about day 2 of differentiation, SWI/SNF function is necessary to maintain the
preinitiation complex on the PPARY2 promoter and to promote transcription.

Next, we asked if SWi/SNF complexes Use the same mechanism to regulaté
other adipogenic genes. We performed a series of ChIPs on the aP2. and adipsin
promoters d‘uring 'adi;.)ogenesis and determined that recruitment of bne or more general

trahscription factors was also cOmpromiééd at the onset of gene expression (Fig. 11.6).

Examination of PPARY2 pfomoter accessibility and activation in differentiating
3T3-L1 pre-adipocytes |
Aithdugh forced differentiation of fibroblasts has been utilized for many years as

a model system and has been essential in thé identification and characterization of
adipogenic regulatory proteins, we were concerned that the events leading _to‘activation
of the PPAR72 promoter under conditions where the C/EBPq. activator was prematurely -
expressed might not precisely reflect the events that occurred during differentiatioh ofé
committed pre—adipocyte céll. We thérefdre examined PPARYZ activation in
differentiating 3T3-L1 pre-adipocytes.

| Initially, we eXam‘ined changes in PPARY2 promoter siructure as reflected by
increeises in nucieése accessibility. A schematic of the promoter is presented in
Fig.II.fA. Examination of two Stul sites, an EcoN1 site and a Pstl site located between -

100 and —1000 on the PPARY2 promoter revealed a dramatic increase in accessibility in
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Figure I.6. ChIP anaIyS|s of interactions on the aP2 and adipsin promoters as a
function of time of differentiation. 822 cells were infected with a retrowral vector
encoding C/EBPa, grown in the presence or absence of tetracycline, and differentiated.
One percent éf input is shown for each experiment. It is shown the Ievels of interactiohé

with TBP, TFIIB, and TFIIH p89 and mRNA levels.
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Figure II.7. Changes in PPARY2 pfom‘oter accessibility occur on day 1 of differentiation.
3T3-L1 preadipocytes were induced to differentiate, and nuclei were harvested at the

indicated times for nuclease-»accessibility experiments. (A) Schematic of the PPARYy2

- promoter. The locations of relevant restriction enzyme sites are indicated, as are the
previously reported DNase | hypersensitive sités (HS1 and HS2) (34). Black squares

- represent potentia‘l C/EBP binding sites. Black bars P1 and P2 indicate the frag‘ments

used as Southern blot probes. (B to D) Restriction enzyme accessibility of EcoNl, Stul,

o é'nd- Pstl. The enzymes used for flankin_g' digests are indicated in parentheses. (E)

* Accessibility of DNase 1.
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this region on day 1 of the differentiation process (Figs. II.7B-D), reflecting changes in
promoter structure. A previous report (Ren et al., 2002) indicated that two DNAse |

hypersénsit’ive sites exist on the PPARY2 promoter in undifferentiated 3T3-L1 cells (see

- Fig. I.7A). Our analysis indicated these DNAse | hypersensitive sites were difficult to

detect in undifferentiated, day 0 cells. However, by day 1, they were clearly visible,

_indicating that these hypersensitive sites are induced by differentiation (Fig. 11.7E).

Together the results clearly demonstrate a change in PPARY2 promoter structure on day
1 of 3T3-L1 differéntiation, prior to induction of PPARY2 gene expression.

| Northe.rn analysis of PPARy tranécript levels revealed a robust induction of
expreSsiQn on day 2 of 3T35L1 vpre-adipo‘c‘yte differentiation (FiQ. [I.8A), in agreement
with prior studies (Tontonoz .et al., 1994c). Thus, induc.tion‘ of fhe PPARY2 is temporally

distinct from changes in promoter acce'séibility. ’

Binding of CIEBP factors, hyperacetylated histones, RNA bolymerase It and most
general trénscriptibn factors precede the onset PPARY2 induction

ChIP experiments to identify interactions of the C/EBP family of factors with the |
PPARY2 prorhoter showed an induction of C/EBP and C/EBPS binding on daysv 1and 2
of differentiation, respectively (Fig. 11.8B), I‘argely consistent with the expreséion patterns

of these C/EBPs in differentiating 3T3-L1 cells and with the Ch|P results from the forced

fibroblast systém (Fig. I.5A). Thus, interaction of C/EBPJ correlated temporally with.

changes in nuclease accessibility on the promoter. Over days 2 and 3, C/EBPp and &

disappeared from the prorhoter, concurrent with the appearance of C/EBPa (Fig. 11.8B).
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Figure 11.8. (A) PPARy expression levels in differentiating 3T3-L1 preadipocytes. 3T3-

L1 preadipocytes were induced to differentiate. PPARYy expression levels were analyzed

by Nodherh blotting. Ethidium bromide-stained 28S and 18S rRNA is shown as a

- control. (B to E) ChIP analysis of interéction's on the PPARY2 promoter as a function of
ﬁme of differentiation of 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were induced to

 differentiate and processed for ChIP assays at the indicated times. Portions of the
PPARY2 prbmoter or the B-actin gene were amplified from each sample. (B) Levels of
interactions with C/EBPa, j3, and 5. (C) Levels of interactions with tetra-acetylated H4
and K9-, K14-diacetylated H3. (D) Levels of interactions with TBP, TFIIB, TFIIH p89,
an‘d Pol Il phosphorylated on Ser-5 of thé‘CTD. (E) Levels of interactions with Brg1,
Brm,‘ and Ini1. Inset: Iinea'rity controls for PCR amplific‘atiohs. Each ChIP was repeated
in three to five 'ihdependent expériments. Th.e data shown in parts B, C, and E derive
from a single differentiation experiment. ChlPé in part D derive from a different

differentiation experiment.



99

Thus in differentiating 3T3-L1 cells,' the C/EBP binding sites in the PPARY2 promoter
undergo a transition of factor occupancy from C/EBP to C/EBPo.

As in the C/EBPg. forced fibroblast differentiation experiments, ChIP analysis of

-~ tetra-acetylated H4 indicated that levels were high prior to differentiation (Fig. I.8C). 'In

contrast to the forced fibroblasts, di-aceylated H3 levels were present on the PPARY2

| promoter at day 0, but increased on day 3 (Fig. 11.8C). This increase clearly occurred
after the onset of PPARY2 expression but correlated with the transition from binding of

'C/EBP and § to C/EBPa. Whether the change in di-acetylated H3 levels is a cause or

effect of the ‘transition fo C/EBPg binding has not been determined. Di-acetylated H3

was also pfesent at relatively high levels on the control B-actin sequences.

Examination of phosrp‘hOryIated RNA polymerase |l and associated géneral
transcription fac;to'rs by ChIP showed that RNA polymerase 1, TBP, and TFIIB became
associ‘a_ted with the'promo'ter on day 1 of differentiation, prior to expréséion of PPARYZ _
(Fig. 11.8D). Collectively, these data agree with the results obtained with the fibroblast
differentiation model and indicate that much of the transcriptional_machinery is present

on the promoter prior to the onset of gene activatioh.

PPARY2 expression is coincident with the binding of TFIIH and SWI/SNF

components to the promoter

In contrast to the other factors examined, the increase in association of TFI‘IH did
not o;:cur until d‘ay’2 of 3T3-L1b differentiation (Fig. 11.8D). ~ Similarly, association of the
SWI/SNF components Brg1, Brm, and Ini1 occurred on déy 2 (Fig. 11.8E), coincident with

the onset of PPARY2 transcription. Unlike RNA polymerase |l and all of the general
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transcription factors examined, the interaction of SWI/SNF subunits wa;é transient, with
only background Ievel_s present on the prométer after day 4. The Ini1 subunit is common
to aII'SWI/SNF enzymes exami.ned, but the Brg1 and Brm ATPases form distinct

- SWI/SNF enzymes, indicating that at least two distinct forms of the enzyme are present
at thé PPARY2 promoter at the onset of transcription. The data indicate that histone |
hyperacetylation, changes in p'romoter‘structure, C/EBP activator binding, and |
association of phosphorylated RNA polymerase Il and multiple generél transcfiption
factors with the PPARYZ promotér occur over the first 24 hoqrs of adipocyte ,
differentiation but that these events are not sufficient to initiate transcription. ’PPARyz
expression is facilitated by association of TFIiH and SWI/SNF enzymes on day 2 of-

differentiation.

A decreése in the rate of PPARY transcription correlates with the dissociation of
SWI/SNF énzyme components from the PPARYy2 promoter
The ChiIP exberiments in Figure 11.8E clearly demonstrate that SWI/SNF

chponents were no longer stably associated with the PPARY2 promoter after day 4 of |
differentiation, even though the general tr_énscription factors and C/EBPo. remained.
Analysis of stable mRNA levels indicated that PPARy mRNA was abundant bn days 5-7
(Figure 11.8A). Two pdssible explanations for these data exist.‘ .The lpromoter may .
| achieve a stable st_ruvcture that is permissive for continued transcription in the absence of
SWI/SNF or the transcripﬁoh of PPARyé decreases .or stops after day 4 and the PPARY
message observed on days 5-7 represents stable mRNAs prod‘uced on day 4 or earlier.

| To distinguish between these possibilities, we performed a time course of nuclear

run-on experiments. Linea_rized plasmid DNA containing the PPARY2 cDNA or empty




101

vector was immobilized on membranes and hybridized to radiolabeled run-on transcripts
produced by nuclei isolated fromv bdifferentiating 3T3-L1 cells on the days indicated. The.
data demonstrated induction of PPARYy tfa,nscription on day 2, continued transcri_ptio_n'on '
day 4, but little transcription on days 5-7'(Figure 1.9). Thus the rate of PPARY
transcription decreased bétween days 4 and 5 and correlated with the loss of SWI/SNF
' enzymé componehts on the PPARY2 proh*noter (Fig. 11.8E). In}contrast, the rate of 1d1
transcription decreased as a.'function of differentiation (Fig. 11.9), i-n'a'greement with
'-'_;“')"'revious_ly published reéults from the diff_arentiation af human preadipocyte cells (Moldea
et.al., 1 997). We Utiliz'ed non-Specific hybridization to plasmid sequenaes and
hybridization‘to 3T3-L1 genomic DNA as controls, as has been described (Cornelius et
al., 1990 Long and Pekala, 1996 Stephens and Pekala, 1991; Waite et al., 2001), since
we were unable to identify other genes that gave a constant rate of transcrlptlon over the |
dlfferentlatlon time course. The rates of Hprt, 36B4, and Gapdh all decreased over the
seven day time course (F|g I1.9 and data not shown).

We note that the immobilized template contained the entire PPARyZ cDNA, thus
PPARy1 transcription would also have been detected. We were unable to detect run-on
signal when ohly the ‘short, 121 bp portion of the cDNA unique to PPARYZ (Zhu et al.,

' 1‘995) was used for the hybridizatiohs (data not shown). However, PPARy mRNA at day
5 of ‘3T3-L1 differentiation and bayond is predominantly expressed from the PPARY2
promoter (Saladin et al., 1999; Tontonoz et al., 1994a). Thua the data most likely reflect
a decrease in thé rate of PPARY2 ar in the rates of both PPARY2 and PPARY1

transcription.
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pBabe

pBabé-PPARyZ

‘Figure 11.9. The rate of PPARy transcription decreases after fday 4 of 3T3-L1

differentiation. Nuclear run-on assays were performed on nuclei isolated from
differentiating 3T3-L1 cells on the days indicated. Run-on trahécripts were hybridized to
3T3-L1 genomic DNA, linearized pBABE vector, linearized pBABE containing the

PPARy2 cDNA, or PCR products corresponding to Id1 or Hprt cDNAs. _
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Discussion
PPARY is involved in adipocyte differentiation, insulin sensitivity and diabetes,

atherosclerosis and the control of cell proliferation in some cancer cells [reviewed in. -

- (Berger and Moller, ‘2002;-Rosen' and Spiegelman, 2001)]. Consequently, its function

has been the subject of in‘tense investigation. Relatively little however, is known about

the mechanisms controlling its expression. Here we utilized two different cellular models -

for adipocyte differentiation to temporally describe the molecular interactions that occur
"4t the promoter of the inducible PPARY2 gene during adipocyte differentiation, with
| particular emphasis on the requirement for SWI/SNF chromatin remodeling ehzymes.

‘Through use-of a differentiation system driven by introduction of the adipogenic

regUIator; C/EBPo., we demonstrate a requirement for SWI/SNF enzymes in the
a.cti‘vatio.n.the PPARy reg’ulaior as well as in the activation of adipogenic marker genes
expreésed later during differentiation. Moreover, these experiments revealed that this
requirerﬁent for SWI/SNF enzymes was relatively late in the cascade of events leading
to PPARyZ activation. Activator binding, RNA polymerase |l and associated general

transcription factors interactions at the promoter, and histone H3 and H4 acetylation

~ occurred prior to and'independently of SWI/SNF function. Instead, the data revealed a

" role for SWI/SNF enzymes in the function of the preinitiation complex components at the

prqrhoter at the time of transcriptional activation. Preliminary results on aP2 and adipsin
promoters (Fig: I»I.6) subport the idea that a similar mechanism operate-s_on_ genes
regulated by SWI/SNF.

B Because of the inherent differénces betweeh forcing differentiation of fibroblast§
into the adipocyte Iiheage and genuine >pre-adipocyte differentiation, we analyzed.

differentiation of 3T3-L1 pre-adipocytes and confirmed both the general order of events
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that occur during PPARY2 activation and a role for SWI/SNF enzymes in facilitating -
preinitiationcomplex function. We expect that the differences exhibited by the two
systems reflects the ability of the C/EBPo. activator to recruit general transcription factors
and SWI/SNF enzymes (Pedersen et at., 2001) prematurely at the initiation of the forced
differentiation program. Despite the differences, it is important to note the data from
both systems are consistent with a need for SW|F/SNF enzymes to promote the function _
of the preinitiation complex. |
The order of events occurring in differentiating 3T3-L1 cel|s is diagrammed
-schematrca"y in Fig. 11.10. Acetylation of H4 occurs before the onset of differentiation,
foI|owed by concurrent changes in promoter accessibility, blndlng of the C/EBPB and &
actrvators and assembly of ponmerase Il and most of the GTFs on day 1 of
dlfferentlat|on Subsequently, on day 2, SWI/SNF enzymes and TFIIH associate with the
promoter, indicating that the SWI/SNF enzymes lrkely facilitate assembly of the pre- |
initiation complex, thereby permitting PPARY2 transcription to commence. On day.3,
there is both an i‘ncrease in the levels of H3 acetylation and a transition from binding of
C/EBP$ and & to binding of C/EBPa. Which event, if either is causal remains to be
determined. 'FoI|owing day 4, the SWI/SNF enzymes disappear from the promoter and
the rate of PPARY transcription drops, ind:i’cating that the presence of SWI/SNF is
required for continued transcription.
The data from differentiating 3T3-L1 preQadipocytes indicate that both BRG1 and
BRM are present on the PPARy? promoter, suggesting that both complexes are

contributing to function. Alternatively, the two complexes could be redundant in function,
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Day 0 Day 1 Day 2

acetylated acetylated

: S H4 tails H4 tails

acetylated
H4 tails

|

acetylated acetylated .
H4 tails H4 tails

acetylated acetylated

Day 3

Figure I.10. Schematic model of the temporal changes in factor interactions at the
PPARY2 promoter during 3T3-L1 preadipocyte differentiation. Nucleosome positions are

presented for illustrative purposes only.
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and the presence of either SWI/SNF enzyme might be sufficient. Our studies using cell
lines that inducibly express dominant negative BRG1 or BRM also suggest that both

ATPases are required for PPARY2 activation and adipocyte differentiation. However,

- because the BRG1 and BRM SWI/SNF complexes share multiple subunits, it is possibte

that expression of one mutant ATPase deleteriously affects both complexes by
sequestering subunits from the other, endogendué ATPase. Thus we cannot rigorotrsly
state at present whether BRG1, BRM or both are required for PPARQ activation and
adipbcyte differentiation. |

| One of the interesting results from our studies is the demonstration that the
C/IEBP binding sites undergo a transition during the time coursé of differentiation from
btndihg C/EBPB and & to binding C/EBPa. Although.the kinetics of expression for these
factors has Iong_vsupported this idea, this is the first documentatiort that such a transition
occurs atba bromoter expressed during adipogenesis. These resulits differ from
previous..ly published work that showed that C/EBPo and 6 , but not C/EBPB,'couId bind
to the C/EBP sites irt the PPARY2 promoter in a gel shift study and could activate a
transiently transfected PPARY2 reporter plasmid (Elberg et al., 2000). The differences
between the studies may be attributed to the likelihood that the chromatin structure at
the genomic locus differs from thét on an transfected template and undergoés changes
during the ‘differentiation process that affect factor interaction_s.‘

Previous reports documenting the potential of C/EBPa and B to physically

interact with BRM in cells transfected with both the C/EBP isoform and BRM suggested
that these factors may recruit SWI/SNF enzymes (Kowenz-Leutz and Leutz, 1999;

Pedersen et al;, 2001). Our temporal analysis of factor interactions on the PPARY2

promoter during C/EBPo. driven differentiation strongly suggests that targeting of
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SWI/SNF by C/EBPo. can occur. However, C/EBPa. is prematurely present on the

promoter in this differentiation system; the temporal differences in the appearance of the
different C/EBP factors on the PPARY2 promoter in the differentiating 3T3-L1 (Agalioti et |
al., 2000) adipocytes suggest that in a more natural differentiation context, C/EBF’B and
& may target SWI/SNF enzymes which then later recruit C/EBPoc

Changes in nuclease accessibility and the binding of C/EBP factors, RNA

polymerase' Il, and many of the GTFs on day 1 prior to the appearance of SWI/SNF

'enzymes on the PPARyZ promoter |nd|cate that other factors must control the initial

accessibility of these promoter sequences Changes in H4 acetylation did not correlate
with initial factor binding to the promoter. Changes in other histone modifications at th‘e
PPARyZ promoter have not been tested but potentially could mediate factor accessibility.
Alterhatively, a- different ATP dependent remodeling enzyme(s) could alter chromatin
structure and promote actlvator binding prior to SWI/SNF function. Th|s hypothesrs is
supported by in vitro studies shownng that ISWI contalnlng chromatin remodeling
enzymes facilitated stable mteractlon of RARa:RXR on chromatin templates prior to
SWI/SNF ehzyme mediated stimulation of transcription (Dilworth et al., 2000). Finally,

transcriptional regulators present on the promoter prior to differentiation, such as GATA-

" 2 and 3 (Tong et al., 2000) and KLF2 (Banerjee et al., 2003), might infiuence chromatin

structure in a manner that promotes the‘ transition to an actively transcribing gene.

Our analysis of general transcription factor interactions on the PPARY2 promoter
also revealed thet serine 5 phosphorylated RNA polymerase Il is present at the promoter
before TFIIH. TFIIH contains a kinase ectivity that is capéble of phosphorylating the
RNA polymera‘se I vCTD, however, the temporal order of factor appearance at the

PPARY2 promoter suggests that either a different kinase is responsible for the CTD
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phosphorylation or that TFIIH mediates CTD phosphorylatioh independently of promoter -

- binding. Additionally, the presence of RNA polymerase |l phosphorylated at serine 5 of

the CTD raises the possibility that the polymerase may be transcriptionally engaged at

~day 1, and that the inclusion of SWI/SNF enzymes and TFIIH on day 2 promotes release

of the polymerase and/or elongation. Multiple other genes are regulated at the level of

‘transcriptional elongation, |nclud|ng hsp70 where elongatlon can be stimulated by

SWI/SNF enzymes in vitro and in vivo (Brown et al., 1996; Corey et al., 2003)

The concurrent entry of SWI/SNF enzymes and TF|IH onto the PPARy2 promoter
in differentlatlng 3T3-L1 cells suggests that SWI/SNF facilitates the interaction of TFIIH
with the rest of the pre-iniﬁation conﬂplex.' ‘Such a role for SWI/SNF enzymes has not
previc'>usly been documented. However, the data p_resented he.r.e agree with and extend
findings from temporal analyses of other mammalian pfomoters that shoW that (1) some
form of histone hyperacetylation precedes aseociation of SWI/SNF with the promoter,
and (2) SWI/SNF enzymes work late in the ,acﬁvation. of many genes, typically after
some, if not most, of the components driving transcription have associated ‘with the
premoter (Agalioti et al., 2000; Lomvardas and Thanos, 2001; Martens et al., 2003;
Seutoglou and Talia‘nidis, 2002). Thus the data we present on PPARY2 activation and
the preliminary results on aP2 and adipsih expressien during adipocyte differentiation

support a general model where SWI/SNF enzymes function subsequent to activator

»binding by completing or stabilizing pre-initiation complex forrhation and/or by promoting

promoter clearance and elongation.



The work presented in this chapter was published in Journal of Molecular Endocrinology

(2006) volume 36: 139-151. Data presented in figure lIl.1 was generated by Hengyi

Xiao, Ph.D.
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CHAPTER 1ll

- TEMPORAL RECRUITMENT OF CCAATIENHANCER-BINDI‘NG PROTEINS TO

EARLY AND LATE ADIPOGENIC PROMOTERS IN VIVO

Abstract

The C/EBP family of transcriptional regulators is critically important for the activation of
adipogenic genes durinbg differerttiation. The C/EBPB and & isoforms are rapidly induced
upon adipocyte differentiatiorl and are responsible for activating the adipogenic
regulators C/EBPa and PPAR72 which together activate the majorlty of genes
expressed in differentiating adipocytes. However mitosis is required following the
lnductlon of adrpogenesrs and the actlvation of C/EBPa. and PPARY2 gene exoression is
delayed unt|| cell division is underway. Previous studies have used electromobility shift
assays (EMSAs) to suggest that this delay is due at least in-part to a delay between the
induction of C/EBPP protein levels and the acquisition of DNA binding capacity by
C/EBPP. Here we used in vivo chromatin immunoprecipitation (ChIP) analysis of the
C/EBPa, PPARY2, resistin, adiponectin, and leptin promoters to examine the kinetics of
C/EBP protein binding to adipogenic genes in differentiating cells. In contrast to prior
“studies, we determined that C/E‘BPB and & were bound to endogenous regulatory
sequences controlling the expression of these gene_s within 1-4 hoors of adipogenic
mductron These resuits |nd|cate that C/EBPB and & bind not only to genes that are
mduced early in the adipogenic process but also to genes that are induced much later

during differentiation, wrthout a delay between induction of C/EBP proteln levels and




DNA binding by these proteins. We also showed that each of the genes examined

undergoes a transition in vivo from early occupancy by C/EBPJ and & to occupancy by
C/EBPo. at times that correla-té with the induction of C/EBPa. protein |e\/éls,
demonsirating the generality of the trans‘ition during adipogenesis and indicating the
binding of specific C/EBP isoforms does not cofrelate with timing of expression from
~each gene. We cdnc;lude that C/EBP family members bind to> adipogenic genes in vivo

’i_n a manner that follows the induction of C/EBP protein synthesis.

o
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Introduction

The 'major transcription factor familieé inyolved as key regulators of adipocyte
differentiation include the nucléar hormone receptor PPARYy and the CCAAT/enhancer-
- binding proteins (C/EBPs) (Camp et al;, 2002; Darlington et al., 1998; Fajas ét al., 1998;
Lane et al., 1999; MacDougald and Mandrup, 2002; Morrison and Farmer, 2000; |
Rangwala and Lazar, 2000; Rosen et al.,-2000). The C/EBP family members belong to
the basic-leucine zipper (bZIP) class of transcription factors, and bind to specffic DNA

sequences as dimers with other C/EBPs [reviewed in (Lekstrom-Himes and »

Xahthopoulos, 1998, Ramji and Foka, 2002)]. When adipocyte differentiation is induced

in preadipocyté cell Iines,v C/EBPp and § are rapidly and transiently induced (Cao et al.,
1991; Yeh et al., 1995). Thése regulators act synergistically t'o.‘mod_ulate the expression
of C/EBPo and PPARYZ via interaction with the C/EBP regulatory eléments presenv.t in
the: proxirhal promoters of these genes (Christy et al., 1991; Clarke et al., 1997; Tang et :
al., 1999; Zhu et al., 1995). Subsequently, C/EBPo and PPARY2 play a prominent role
regulating the expreésion of adipocyte genés necessary for the development of
fuﬁctional, mature adipocytes (Fajas et al., 1998; Lin and Lane, 1994; Rosen et al.,
2000; Tontonoz et al., 1994¢c; Wu et al., 1'999).. |

The essenti‘al role of the C/EBP proteins in adipocyte differentiation has been
established. Ectopic expression of C/E_BPB or C/EBPu is able to force non—adipogenic
cell Iiﬁes to differentiate into adipocytes (Freytag et al.,'199_4;}Wu et al., 1995b; Yeh et
al., 1995). In contrast, expression of antisense C/EBPo RNA in preadipocyte cell lines
prevents the differentiation program (Lin and Lane, 1992). Additionally, analysis of
promoter regions of adipogenic genes as well as studies of knockout mice have

demonstrated the involvement of this family of transcription factors in regulating
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adipogenesis and other impdrtant physiological processes [reviewed in (Cornelius et al.,

1994; Darlington et al., 1998; Gregoire et al., 1998: Lane et al., 1999; MacDougald and .
Lane, 1995b; Ramji andFoka., 2002; Rangwala and Lazar, 2000; Tanaka et al., 1997)].
Most regulatory sequences con-trolling the expression of adipocyte-specific genes
contain at: Ieast one functional C/EBP binding site, from which transactlvatlon is
medrated by members of the C/EBP family [reviewed in (Cowherd et al., 1999; Gregorre

et al., 1998; Hwang et al., 1997 Morrison and Farmer, 2000; Rangwala and Lazar

) 2000)] Work onthe PPARY2 and C/EBPa promoters has focused on the role of

C/EBPB and d as prrmary inducers of the expression of key. regulators PPARY are

-expressed by day 2 of the differentiation process, following one or two rounds of mitotic

clonal expansion. The induction of C/EBPB and & protein levels, however, occurs almost
|mmed|ately after addltron of differentiation inducers at the onset of differentiation (Cao
et al., 1991; Darlington et al., 1998; Tang and Lane, 1999; Yeh et al., 1995) Thus, even
though both C/EBPB and & are expressed at high levels at the beginning of the -
differentiation program, the target genes C/EBPo and PPARY2 are not expressed until
nearly two days later (Lane et al., 1999; Rosen et al., 2000). Previous work using

electrophoretic mobility shift assay (EMSA) analysis (Tang and Lane, 1999) determined

" that the lag in C/EBPa. expression is due to a delay in acquisition of C/EBPB and & DNA

bindtng activity, therefore pausing the transcriptional activation of the gene. The need
for such a delay fits well with the numerous observations that C/EBPa. is anti-mitotic in
both pre-adipocytes as well other cell types (Lin et al., 1993; Timchenko et al., 1996;
Umek et al., 1991; Wang et al., 2001).‘

The trartscriptional activity of the C/EBPB protein is regulated at several levels,

including transcription, translation, association with other proteins, and posttranslational
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modification, which includes the regulation of the phosphoryiated state by multiple
effectors. Multiple phosphorylation sites have been characterized on C/EBPp, some of

which result in attenuation or enhancement of DNA binding and transactivation activity

“[(Mahoney et al., 1992; Park et al., 2004a; Tang et al., 2005; Trautwein et al., 1993;

Trautwein et al.; 1994) and references therein]. At least some of these phosphorylation

~ events occur almost simultaneously with induction of C/EBPB levels, and it has been

suggested that phosphorylation causes a conformational change in C/EBP from a

repressor to an activator (Kowen’z-Leutz et al., 1994).

| We prewously examined the temporal interactions of C/EBP family members,
mOdIerd histones, and subunits of the SWI/SNF family of ATP dependent chromatln
remodeling enzymes at the PPARyZ promoter as a function of adipocyte differentiation.
In that study, we used chromatin_immunoprecipitation essays to determine that C/EBPB
was bound at the PPARY2 promoter at 24 and 48 hours following the initiation of the
diﬁeientiation program in both differentiating 3T3-L1 cells and in fibroblasts forced to
differentiation into adipocytes by ectopic expression of C/EBP« (Salma et al., 2004).
Continuation of these ChIP studies at earlier time points revealed that the C/EBP§ and 8.‘
isoforms were found on the regulatory regions of numerous adipocyte specific genes in
differentiating 3T3-L1 cells within a few hours of the onset of differentiation. These genes
included PPARY2, C/EBPa, and several genes expressed later in the differentiation
process. Thue the binding of C/EBPf and & to adipogenic genes in cells correlates with
the kinetics of C/EBPB and 6 expression. In addition, binding of C/EBPB and d was .
replaced at each of the loci by the binding of C/EBPa. C/EBPa binding was noted on

each promoter between 20 and 48 hours post-differentiation, indicating that it was
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associating with promoters as soon as it was expressed and that binding did not strictly
correlate with the time at which the locus became transcriptionally active. We have

concluded that the binding of C/EBP tran‘scription factors to regulatory sequences .

~ controlling the expression of adipogenic genes in vivo occurs rapidly and without

significant delay f_oI‘Iowing'the induction of each isoform during adipogenic differentiation.
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Materials and methods

Cell lines and differentiation methods. 3'i'3-L1 preadipocytes were purchased from
the American Type Culture Collection (ATCC), maintained in growth medium consisting
of Dulbecco’s minimum essential medium containing 10% calf serum, and induced to
differentiate as described previously (Wu et al., 1995b). Cells were collected at 0, 1, 2,
4,8, 12, 16, 20, and 24 hours and then at 24 hour intervals for 7 days after addition ‘of
differentiation cocktail (Salma et al., 2604) for Western blot, RT-PCR and 'ChIP analysis.
In experiments where 3T3-L1 cells overexpressed C/EBPS, celle were infected with
pBABE retrovirus containing C/EBPB or empty vector as described previously (Salma et
al,, 2004; TOntonoz et al.; 1994c). _Generation of retrovirus was previously deseribed
(Pear et al., 1993; Salma etal., 2004). Samples were collected at 0 4, 24, 48 and 168
hours in the preSence or absence of differentiation ‘coektail for Western blots, RT-PCR

and ChIP analysis.

Electrophoretic Mobility Shift Assays (EMSA). Nuclear extracts isolated from 3T3-L1
cel.ls differentiated in the presence or absence of cocktail were prepared as _described
(Hasegawa et al., 1997). The binding reaction contained 6 pg of nuclear extract and 5'
fmel of ¥P-labeled double stranded oligonucleotide. probe corresponding to tne region
from —343 to —306 bp from the mRNA Start site in the mouse PPARY2 promoter. This
region contains a function‘al C/EBP binding site (Clarke et al.,. 1997; Zhu et al., 1995).
Binding reactions eontained'10 mM Tris-HCI (pH 7.5), 5% glycerol, 50 mM NaCl, 0.5 mM
dithiothreitol, 1 mM MgCI2; and 0.5 mg/mi of Poly (di-dC) Poiy(.dl-dC) in a volume of 10

ul. Reactions Were incubated for 30 minutes at reom temperature and separated

electrophoretically on 4% non-denaturing polyacrylamide gels made with 0.5 x Tris-
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Borate-EDTA buffer. Some reactions were preincubated for 10 minutes with 1 pl of IgG

‘ or anti-C/EBPP antibody (Santa Cruz, sc-7962) prior to addition of the labeled

oligonucleotides. The sequence of the oligonucleotide probe was: 5'- B

: TAAAAAGCAATCAATATTG’AACAATC_'I."CTGCTCTGGTAA-3’.

RNA analysis. RNA isolation and analysis by Northern blotting was described

previously'(de la Serna et al., 2001c). Probes were derived from plasmids containing

*"PPARy (provided by B. Spiegelman) and 36B4 (obtained by RT-PCR) and labeled by

random priming_. Washed blots were exposed to a Phosphorlmager (Molecular
Dynamics).' For reverse transcriptase (RT)-PCR, total RNA (3 ug) was reverse
tran'svcr_ibéd with Moloney murine leukemia virus RT (Invitrogen). cDNA was ampliﬁed.by
PCR’with-QIAG'EN HotStart Taq master mix in the presence of 2 uCi of [02P]dATP.
The sequences of the primers wére as follows: 5-CCG GCC GCC TTC AAC GAC-3'
and 5’-CTC CTC-GCG GGG CTC TTG TTT-3' for C/EBPa (288 bp product); 5-GAA
CTG AGT TGT GTC CTG CT-3'and 5-TGC ACA CTG GCA GTG ACA-3’ for resistin
(340 bp product); 5-GAT CAA TGA CAT TTC ACA CA-3' and &' -GGA CGC CAT CCA

GGC TCT CT-3' for leptin (281bp product); 5-CAG TGG ATC TGA CGA CAC CA-3’ and

' 5.CGA ATG GGT ACATTG GGA AC-3' for adiponectin (433bp product)‘ and 5-CTC

CAA GCA GAT GCA GCA GA-3' and 5-TCA ATG GTG CCT CTG GAG AT-3’ for the
ribosomal phosphoprotein 36B4 (351 bp). The PCR conditions for leptin and 36B4 were:
95°C, 15 minutes, followed by 24 cycles of: 95°C, 30s; 62°C, 40s; 72°C, 30 s and a final
r_ound of extension for 5 mihutes. The PCR conditions for adiponectin were the same,
except that the humber of cyqles was 26. For resistin, the conditions were the same as

for leptin except that the annealing temperature was 58°C. For C/EBPa the PCR
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conditions were: 95°C, 15 minutes, followed by 25 cycles of: 95°C, 50 s; 66°C, 55 s; -

72°C, 50 s and a final round of extension for 5‘minufes.

Protein extracts and Western analysis. Isolation of protein and Western blbtting have
been described (de la Serna ét al., 2001a). Antibodies utilized included the following
from Santa Cruz: C/EBPa. (sc-61), vC/EBP-B (sc-7962), C/EBPS (sc-151) and Cyclin A
(sc-596). Phosphatidylinositol (P1) 3-kinase antibody (06-496) was obtained from

Upstate.

Chrométin Im‘munoprec‘ipitation._ ‘The chiP procedure was adopted from the Upstate
prbtocol and was performed as described in (Salma .et. al., 2004). One-tenth of the
immunoprecipitated DNA and 1% of the input DNA»were analyzed by PCR. Antibodies
used included Santa Cruz antibodies: C/EBPa. (sc-61), C/EBPB (sc-7962), and C/EBPS
(sc—1'51)v. PCRs were performed with QIAGEN Hot Start Taq master mix in the preéencé
of 2 uCi of [a-32P] dATP under the following conditions: a pre-heating at 94°C for 15
minutes, followed by 24-30 cycles of 94°C for 30 s, 62°C for 40 s (except for PPARY2
which was 49.5°C), 72°C for 30 s, followed by a 72°C extension for 5 mi_nutes. PCR
products were resollved in 6-8% polyécrylémide—1 X Tris-borate-EDTA gels, dried, and
exposed to a Phosphorlmager. Primers_ used were the following: B-actin, 5'(+31)
'GCTT‘CTTTGCAGCTCCTTCGTTG-B’ and 5'(+1 35,)TTTGCACATGCCGGAGCCGTTGT-
3’ (Rayman et al., 2002); PPARYy2 promoter, 5’(-413) TACGTTTATCGGTGTTTCAT-3’
and 5'(-247) TCTCGCCAGTGACCC-B’; upstream region of PPARY2 promoter 5'(-1871)
GGGCGTTAAAACACAATCCT-3 and 5’ (-1707) TCTCTTCCTCCTTCCCTTCC-3;

C/EBPa. promoter, 5’ (-315) TGACTTAGAGGCTTAAAGGA-3’ and 5’ (-32)
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CGGGGACCGCTTTTATAGAG-3’; reéistin prométer, 5'(-177)
CACCATGGTCCCTGGTGTTA-3' and 5’ (+26) CTCAGTTCTGGGTATTAGCTC-3';
a.,diponectin promoter, 5’(-272) ATTGTCCTTACCCTTGCCCC-B.’ and 5'(-15) andY leptin

. promoter 5’(-323)GCCTTCTGTAGCCTCTTGCT-3’ and 5'(-22)
GCTCCATGCCCTGCCTGC-3’. Representative experiments from at least three _

independent experiments are shown.
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Results

‘In vitro binding of CIEBPB at va C/EBP site in the PPARY2 prorrioter occurs as early
. as 3 hours post-différentiati}on. | |

While investigating the role of C/EBP isoforms in the activation of adipogenic
~genes, we examined in vitro binding of C/EBPB at a C/EBP regulatory element present
in the PPAR_yZ promo_ter by EMSA during a short time course of 3T3—L1 pfe-adipocytes
induced to differentiate into adipocytes. We found that C/EBP present in nuclear
ext.racts prepa‘red from cells différentiated for 3, 18, and 24 hours was ébie to bind to a
C/EBP site in the PPARY2 promoter (Fig.. 1.1 , .|anes_3-5). Confirmation that the shifted
band in the EMSA was C/EBPB was demonstrated by the .appearance of a supershifted .
band upon addition of C/EBPB éntibody to thbe‘ reaction while addition of purif.ie'd IgG had
no effect (Fig. lIl.1, lanes 6 and 7). The resulis reveal that the C/EBPB regulator has the
capacity to bind to DNA as early as 3 houré following the induction of differeﬁtiation. In
addition, we observed that the apparent level of C/EBPJ binding under the'reéction
conditions us_ed did not increase between 3 and 24 hours post-differentiation (Fig. 1.1,
lanes 3-5).

These results diverge somewhat from data published previously where the in

vitro binding activity of C/EBPB was delayed until 12 to 16 hours following the stimulation
| of adipogenicbdiffer.entiation (Tang and Lane, 1999). We note that the previous report
demonstrated that C/EBPf binding could be observéd at 4 hours post-differentiation but
that binding was significahtly induced at the 12-16 hour time points. Possibly, this

dissimilarity in results is due to differences in reaction conditions, or perhaps due to the.
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Figure lll.1. /n vitro binding of C/EBPp to a C/EBP site in the PPAR72 prbmoter occurs

as earlyas 3 h following the induction of 3T3-L1 adipocyte differentiation. EMSA was

performed using nuclear extracts prepared from preadipocytes (day 0) or from

differentiating preadipocytes at 1, 3, 18, and 24 h after the addition of the differentiation

cocktail (Iahes‘ 1-5). The double-stranded, 32P end-labeled oligohucleot'ide probe

encoded the C/EBP binding site between —343 and -306 relative to the start site of

PPARY2 transcription. Supershift experiments were performed by adding purified 19G

from pre-immune serum (lane 6) or antibodies against C/EBPf (lane 7).
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use of different oligonucleotide probes. In the previous stud‘y, EMSA was performed.

using a C/EBP site from the C/EBPa promoter, while our experiment utilized a probe that

'contain'ed a C/EBP binding site from the PPARY2 promoter. Nevertheless, the results

- presented in Figure I11.1 raised a question about the timing of C/EBPJ binding to

adipogenic regulatory sequences. To better address this issue, we decided to perform
ChIP experiments at different times following the induction of adipocyte differentiation in

3T3-L1 cells.in order to examine the binding of C/EBP isoforms in vivo.

Kinetics of C/EBPs expression in differentiating 3T3-L1
' Because the EMSA data presented in Figure lll.1 indicated a potential difference : 1
with previously published studies, we first performed a series of control experiments to

analyze the expression levels of C/EBPB, & and o during adipocyte differentiation of 3T3-

L1 cells by Western blot in order to eliminate the possibility that our results might be due

to differénCes in the experimental handling of the differentiatiné 3T3-L1 cells. It has

been well established that initiating differentiation of 3T3-L1 preadipocytes activates a |
caécade of gene expression events. Among the initial events are the rapid induction of
C/EBPB and 8 which are stimulated by cbmponents of the differentiation cocktail,

followed by the induction of C/EBPa on tne second day of differentiation (Wu et al.,

1996; Yeh et al., 1995). Western blot analyses corroborate that induced protein levels of

’ C/EBPP and & were detectable at 1 hour, reached a maximum ‘at 4 hour, and were

declining at 48 and 120 hours, respectively (Fig. III._2). Expression of C/EBPa occurred
later; significant induction began at about 48 hours post-differentiation and expression

was maintained throughout the time course (Fig. 111.2).
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Figure ll.2. Western blot analysis of transcriptional and cell cycle regulatbrs during

differéntieition of 3T3-L1 cells. Protein extracts were prepared from differentiating cells at

the indicated times and the kinetics of protein expression for the indicated proteins were

determined by western blot ahalys_is. PI-3K was used as a loading control.

C/IEBPS




124

To corroborate that the cells began the mitotic expahsion phase, we performed a
western blot with antibodies directed to cyclin A (Fig. I11.2). As was expected, cyclin A

levels were increased between 16-24 hours post-differentiation, indicating that the cells

- had entered the cell cycle at 16 hour and had exited by approximately 48 hour. All of the

data presented in Figure ill.2 indicate that the differentiation of the 3T3-L1 cells occurred

~ as expected and confirm previously published results (Morrison and Farmer, 1999; Tang

et al., 2003a; Tang et al., 2003b). Thus we have demonstrated the integr’ity of the 3T3-

L1 cells and the differentiation protocol used for this and subsequent experiments.

In vivo recruifment of C/EBPB, dand o to the PPARYy2 and C/EBPu. promoters
ddring adipogenésis | |

The resujlts presented in Fig. Ill.1 show that‘C/EBPB was able to bind to one of
the C/EBP bivndivng sites on the PPARY2 promoter at times that correlated with the
induction of C/EBPB levels. To determine whether binding occurs on endogenous
adipocyte promoters. at early times after the induction of adipocyte differentiation, we
performed ChIP experiments and temporally analyzed binding, not only of C/EBPJ, but -
also of C/EBPS and C/EBPa, to specific adipocyte promoters. First, we chose to
evaluate binding at the C/EBPa and the PPARYZ promoters, since these two essential

adipogenic regulators are ‘expressed early during differentiation, on day 2 (Figs. 111.3A

‘and B).

Regulation of the C/EBPa and the PPARY2 promoters by C/EBP family members
has been previously characterized (Christy et al., 1991; Clarke et al., 1997; Elberg et al.,
2000; Tang et al., 1999; Tang and Lane, 1999; Tang et al., 2004; Yang and Chow, 2003;

Zhu et al., 1995). The'C/EBP(x proximal promoter contains a C/EBP regulatory élement
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Figure ll.3. ChIP assaysv reveal that C/EBPJ binding to the PPARYy2 ahd C/EBP
promoters occurs in vivo within 2 h of the induction of 3T3-L1 adipocyte differentiation.
ChlIP assays were performed af the indicated time-points using the indicated antibodies

- and amplified for the PPARY2 ‘promoter. (A, top panel), the C/EBPa promoter (B, top
panel), or the B-actin 5’ untranslated region and coding region (C); 1% of each input_is

. shown. A twofold titration (numbér of yi in‘dicated) of input from the 0 h sample is shown _
on the left td_ demonstrate Iinearity of the PCR reactions. (A, bottom _pénel) Duplicate
samples were uséd to prepare RNA and a Northern blot showing the levels of PPARy
and 3634 mRNA at each _time-p.oint is shown. (B, bottom panel) C/EBPa and 36B4
mRNA levels were determined by RT-PCR. A twofold titration (number of yl indicated) of
input reverse transcribed RNA from the day 7 sample is shown on the left to

demonstrate linearity of the PCR‘reacti'ohs. Ab, antibody.
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at -187 relative to the transcriptionai start site that mediates transactivation by C/EBPs.

| The PPARY2 promoter contains two previously characterized C/EBP recognition

eiements at -340 bp and -327 ‘bp relative to the transcriptional start site in addition to

- other potentiai sites that diverge from the C/EBP consensus. As shown in Fig. [ll. 3A,

recruitment of C/EBPp as weII as C/EBP& at the C/EBP regulatory element on the

' PPARY2 promoter was induced in a manner consistent with the protein expression !

patterns of both proteins (Fig. 111.2), with binding of both proteins apparent 2 hours after

- "the onset of differentiation Subsequently, C/EBPB and C/EBPS were replaced by

C/EBPa, which |n|t|ated binding to the promoter at 48 hours and was malntained
'throughout the time course. These results confirm the transition of binding from |
C/EBPB/S to C/EBPa. at this promoter in vivo (Saima et al., 2004; Tang et al., 2004). |

| Analysis of the C/EBPa promoter revealed the same pattern found at the

PPARyZ promoter, except that binding occurred even earlier following differentiation'
- (Fig. 111.3B). C/EBPB and C/EBPS were bound as early as 1 hour post-differentiétion and
remained present ‘until 48 hour and 120 hours reépectively. Induction of C/EBP(x binding
to the C/EBi:’q promoter began at 48 hrs as reported previously (Teno et al., 2004).

Therefore, the transition in binding of the C/EBP isoforms that was obseryed at the
PPARY2 promoter also occurred at the C/EBPa promoter.

The appearance and disappearance of binding of the different C/EBP isoforms at

the PPARYZ and C/EBPa. promoters at different times post-differentiation indicate '
specificity of bindin.g. No antibody controls provide further evidence for specific binding

(Figs. IiI.3A and B). As an additional control, we analyzed C/EBP factor interactions at

the B-actin locus (Fig. I11.3C) and at sequences 1.8 kb upstream of the PPARY2 start site
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(data not shown). Neither $-actin sequences nor sequences upstream of the PPARY2

promoter were immunoprecipitated by any of'the antibodies used in the ChIP procedure.

- Invivo recruitment of C/EBPf, é and o to additional adipogenic gene promoters

du,ring adipogenesis

We next examined if C/EBPB, 8 and o are recruited to the resistin, adiponectin
and leptin promoters._ These adipocyte secreted péptides, collectivelyv referred to as
adipocytokines, héve generated considerable interest since '_(hey are important

regulators of body mass and their misregulation may play a role in obesity (Miner, 2004).

The proximal promoters of these genes édntain C/EBP binding} sites that are necessary
fdr expression. The resistin‘ bromoter contains a C/EBP site at‘-56 relative to the
transcriptional sfart site, adiponé_ctin contains two idenﬁfied C/EBP sites at —775 and -
264, and two potential binding sites at -117 and -73, and leptin has three consensus
C/EBP binding sites at nucleotides -55, -211, and -292. The éctivity of these C/EBP
sites has been confirmed by reporter assays for each of these genes (de la Brousse et '
al., 1996; Hartman et al., 2002; Hwang et al., 1996; Park et al., 2004b)‘.

Binding of C/EBPB and & to the C/EBP site at the resistin proximal promoter was
evident at 2-4 hours post-differentiatibn ahd did not decline until after 48 hours (Fig.
ll.4A). A modest increase in-binding of_ C/EBPa was observed from 20 to 48 hour,»and

‘was fﬁrther increased at 120 ‘hour (Fig. lll.4A). These resulits indicate that C/EBPB and &
bind early after differentiation to therresistin promote_f and suggest that all three C/EBP
isoforms play a role regulating this adipocyte gene. It was previously demonstrated that

C/EBPu. binds specifically to the C/EBP element on the resistin promoter that is essential
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Figure lll.4. ChIP assays show that C/EBP binding to the adipocytokine promoters

occurs in vivo within 4 h of the induction of 3T3-L1 adipocyte differentiation. ChIP assays

~ were performed at the indicated time-points using the indicated antibodies and amplified

fbr‘ the resistin promoter (A, top panel), the adiponectin promoter (B, top panel), or the
leptin promoter (C, bottom panel); 1% Qf each ihpUt is shown. A twofold titration (nurﬁber
of ul indicated) of input from the day 0O sample is shown on the left to dembnstrate

linearity of the PCRs. VD>up|icate samples were used to prepare RNA at each time-point
and mRNA levels for resiétin (A, bottom panel), adiponectin (B, bottom panel), and leptin
(C, bottbm panel) as detérmined by RT-PCR are shown. 36B4 mRNA levels are shown

aé a control. A twofold titration (number of pl indicated) of input reverse transcribed RNA

from the day 7 sample is shown on the left to demonstrate linearity of the PCRs. Ab,

»anﬁbody{

e
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\for expression (Hartman etal., 2002), however, e transition in binding of these
regulators has not been previously demonstrated.
The adiponectin promoter contains two C/EBP sites at -775 and -264 and two potential
_ binding sites at -117 and -73, however, the C/EBP element at -264 and the potential
C/EBP sites at =117 and -73 confer promoter activity as defined in transient promoter
~ studies, EMSA, DNase | footprinting, and ChIP assays (Park et al., 2004b; Seo et al
2004) Consequently, we performed ChIPs in the region of the proxrmal promoter that
‘foontalns these C/EBP sites. The anaIyS|s of blndlng of C/EBPB, C/EBPS and C/EBPa to
| the adiponectin promoter showed a pattern nearly identical to that observed for the
“resistin promoter despite the fact that adiponectin expression initiated Iater than resistin
expression (Fig. 11.4B). C/EBPp and 6 were bound to the promoter at 2 hours and
maintaine_d until 48 hoUrs. Definitive binding of C/EBPo. was present at 48 hours, '
aIthoogh a modest increase was noticed at 20-24 hours. |
Finaily, we assessed the recruitment of the C/EBP members on the leptin

promoter. The proximal promoter contains three consensus C/EBP binding sites.

DNase | footprint analysis, reporter gene assays, and EMSA studies have demonstrated

that one of these C/EBP sites, located at —53 relative to the transcriptional start site, is

- functional (de Ia Brousse et al., 1996; Hwang et al., 1996;’Mason et al., 1998).
However because the C/EBP sites are near each other, we designed PCR primers {o
amplify a region of the proxnmal promoter containing aII three srtes The recrwtment of
C/EBPB occurred at 4 hours and remained relatively constant until 48 hours (Flg I 4C)
|n contrast C/EBPS was detectable from 12 hours to 48 hours. Binding of C/EBPa was
observed on the promoter at 20 hours, but was not robust until 120 hours post-

differentiation, wh|ch corncrdes with the start of leptin mMRNA accumulation. These results
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indicate that C/EBPB and & bind quickly after the induction of differentiation to
adipogenic promoters that are not expressed until much later in the differentiation

process. Furthermore, the transition from C/EBPP and & to C/EBPa binding on these

- promoters also occurred prior to gene expression, suggesting that C/EBP factor

interations with adipogenic promoters is independent of the time at which gene

~ expression is initiated.’

Overexpression of CIEB‘P_B is not sufficient to promote CIEVBP protein binding to
thé PPARY2 promoter in differ'entiati‘n‘g 3T3-L1 cells

The detection of C/EBPJ on adipogenic promoters in vao within a few héurs of
the o.nset of adipogenic stimQIation caused us to evaluate Whether over-expression of
C/EBPS in 3T3—L1 pre-adipocytés would be sufficient to induce binding of C/EBP to the
regulatory sequences examined. 3T3-L1 pre-adipocytes were infected with a retroviral -
vector expressing C/EBPB and were allowed to reach confluence, but no différentiation
cocktail was added. Instead, cells were maintained in 10% calf serum as a confluent
plate, and C/EBP binding was assessed at 0, 4, 24, 48 and 168 hours. Despite the
ectopic expression of C/EBPB (Fig. III.SA}, no binding of C/EBPS, 8, or o was observed
at the PPARY2 promoter, whereas control plates treated with differentiation cocktail
showed C/EBP and & binding to the PPARY2 promoter within»4 hours post-

differentiation and C/EBPa. binding by 48 hours post-differentiation (Fig. 111.5B).

The data suggest that overexpression of C/EBP in celis is not sufficient to
promote C/EBPJ binding to adipbgenic promoters in the absence of differentiation

cocktail. A potential caveat to this conclusion is that‘ectopic expressioh did not provide a
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| Figure lII.5. Overexpression of C/EBPB in undifferentiated 3T3-L1 preadipocytes is not

sufficient to induce the binding of C/EBP factors at the PPARY2 promoter. Subconfluent

3T3-L1 preadipocytes were infected with either pBABE retrovirus or pBABE retrdvirus
encoding C/EBPJ. For differentiation, cells were placed in fresh media lacking or
containing the differentiation cocktail, and samples were harvested at the indicated times

for (A and C) Western blot analysis or (B and D) ChiIP analysis. Ab,antibody.
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high enough level of C/EBPB protein to.surpass a threshold level of C/EBPB protein

necessary to achieve binding. We note that the inoculum of pBABE-C/EBP retrovirus

used in these experiments is the same as we have previously used to tranS-diffe_rentiate

-~ fibroblast Iinesv into adipocyte-_iike cells;.thus the levels of C/EBPJ provided are sufficient
to reprogram cells of a difterent lineage (Salma et al., 2004). However, to more directly
* address this concern, we cornpared the Ievels of C/EBPJ protein present in uninfe’cted
cells and i in cells infected W|th pBABE- C/EBPB or with the pBABE empty retrovrrus that
I'I_were differentlated in the presence or absence of differentiation cocktail for 4 hours. A
Western blot (Fig. IIi.5C) demonstrates that cells infected with the C/EBP virus .
| contained greater Ieveis of C/EBPB protein in both the presence and absence of
differentiation cocktail (cornpare iane 2 tolane 3 and lane 5 to lane 6), as expected. We
also observed tnat C/EBPB levels in vector infected cells that were differentiated in the
presence of cocktail are lower than C/EBP( levels in the pBABE-C/EBPB infected cells _
that were differentiated in the absence of cocktail (compare lanes 4 and 3). The levels
of C/EBPp protein in pBABE infected cells treated with differentiation cocktail were
sufficient to permit C/EBPf binding to the PPARY2 promoter, whereas h_igher levels of
| C/EBPB in the C/EBPB infected ceIIs differentiated in the absence of cocktail were not
(Fig. 111.5D, compare lanes 4 and 3). The results exclude the possibility that insufficient
levels of C/EBPB were present in the cells not treated with differentiation cocktail. Tne
C/EBPPB protein undergoes a number of post-translational modifications that are
associated with the induction of adipogenesis; it is likely that such modifications are

induced by addition of the differentiation cocktail and are necessary to promote rapid

I
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binding to adipogenic gene regulatory sequences in vivo. Thus simple overexpression

of C/EBP is not sufficient to induce C/EBP( binding in 3T3-L1 pre-adipocytes.

Ny
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Discussion

The C/EBP family of transcription factors is widely expressed and is a key
regulator of a variety of target'genes imp'o,rtant in physiological events, including energy |
~ metabolism, inflammation, hematopoie_sis, cellular proliferation, and differentiation
(Darlington et al., 1998; Kovacs et al., 2003; Lekstrom-Himes and X.anthepoulos,b 1998,
Ramiji and Foka, 2002; Rosen et al., 2000). Of note is the essential role C/EBP'farnin
members play du}ring adipogenesis [revie\rved in (Darlingtoh etal, 1998; Lane et al.,

) ﬁ_-999)].‘ Almost irnmediately upon induction of adipogenesis, the C/EBP family members
' ‘B _and 3 ere induced in a manner dependent on several signal transduction cascades that
result in phosphorylation of these prot‘eins [(Bezy et al., 2005; Park et al., 2004a; Tang et
el., 2005) and references therein]. However, the activation of the early adipogenic |
regulators, PPARY2 and C/EBPa, which are dependent on C/EBPJ and 8, does not
occur until day 2 of the differentiation process. During the first two days, cells undergo
one or two rounds of mitosis, a process termed mitotic clonal expension (Bernlohr et al.,
1985; C:ornelvius et al., 1994; MacDougaId and Lane, 1995b). Thus, the transcriptio.nall
activatien potential of the C/EBPB and & proteins are masked or repressed until clonal
expansion commences. -

Over the past several years; data have accumulated that suggeet‘ that the binding
capécity of C/EBP for its cognate binding site is delayed 12-20 hours post-induction of
adipocyte difrerentiatieh (Lane et al., 1999; Tang et al., 2005; Tang et al.,, 1999; Tang et
al,, 2QO3a). This observation fits well with the need to delay expression of C/EBPa.,
which has anti-mitotic properties (Lin et al., 1993; Timchenko et al., 1996; Umek et al, |
1991; Wang et el., 2001), until clonal e)rpansion occurs. Moreover, the kinetics ef DNA S

binding activation fit well wit_h the kinetics of other events that occur at his time, including
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the appearance of phosphorylated Rb and the localization of C/EBPpB td pericentric -
heterochromatin, which contains numerous C/EBP binding sites in the satellite DNA
sequehces (Tang and Lane, 1999). How this change in sub-nuclear distribution relatés
to gene expression has not been well established, but the observation raises 'the
possibility that localization of proteins to specific nuclear compartments contributes to
the complexity of adipocyte gén_e regulation.

In the course of exavmining the activation of the PPARY2 promdter during
adipogenesis, we noted that in vitro binding of C/EBP to a C/EBP binding site in the
PPAR 2 promoter did not appear to change significantly between 3 and 24 hours post-
differe'ntiatidn (Fig. I.1). ‘Given the wide range of variable conditions that can affect
pr‘ote'in binding' in a gel shift}.assay, we initially did not view this bas cqntradictory to the
existing models ‘explaining the délay in activation of C/‘EBPoc and PPARY2 gene
expressidn. However, ChIP assays, which specifically detect in vivo protein:DNA
interactibns at endogenous loci, clearly demonstrated that C/EBPB and C/EBP3 were
capable of binding td both the C/EBPa and the PPARY2 promoter at very early times.
post differentiation. Moreover, C/EBPJ and & also could bind at early times to a‘dipocyte.‘
specific promoters that do not begin to transcribe until much later in the differentiation
process. Our results do not alter the original conclusion that mechanisms exist during
the time of mitotic clonal expansion to delay activation of C/EBPa and PPARY2 gene

| expression and the target genes that they subsequently activate. Instead they indicate
that the rate-limiting step is not the interaction of thé C/EBPg protein with binding sites at
the endogenous target gehe promoters.

Numerous possibilities to restrict the transcriptional activating properties of

C/EBPS exist even if the protein is DNA bound. The exact isoform of C/EBP that is
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bound could influence the trénscripfiohal potentiail. Interaction between C/EBPf and
repressor proteins (Ron and Habener, 1992; Tang et al., 1999) would not necessarily be
restricted to solution interactidns; represéion could occur via interactions at promoter
- sequences as shown previously (Mo et al., 2004). DNA-bound C/EBPJ couldvbe and
likely is still subject to poét-translational modificétions, including phospho_rylation,‘ .
acetylation and su‘mqylation (Eaion and Sealy, 2003; Kim et ai., 2002; Park et al., 2004a;
‘Tang et al., 2005; Xu et al., 2003), that meiy modulate transcriptiobnal capacity. C/EBPf
T_t‘)"bund loci could remain transcriptionally éilent because other activators, RNA |
polymerase I, or R.NA 'poiymeifase ll-associated general tranScription factors haye not
‘been synthesized, are spatially restricted, have not yet undergone the appropriate post-
translatidnal modification, or cannot bind in the absence of specific chromatin |
nﬁodificaiions or alterations. In support of this last possibility, Wiper-Bergeron et al -
(2003) showed thét histone deacetylase 1 (HDAC1) could afiect the acetylation status
of the C/EBPa promoter in a manner regulated by glucocorticoids (Wiper-Bergeron et
al., 200'3). Finally, C/EBPB-bound loci may change position within the nucleus,
becoming associated 6r disassociated with specific sub-nuclear structures such as
pericentric heterbchromaiin or splicing domains. None of these possibilities aré mutually
' echiJsive, and it is likely that multiple mechanisms are acting cooperativély to control the
timing of ‘expression for each individual target gene.- |

We also iiote th.at in other cell types, C/EBPB-mediated activation of
endogenous target genes can occur without induction of C/EBPB levels or induction of ‘
post-iiansiational modifications. Lipobolysaccharidé-mediated induction of C/EBPB
target genes in .B cell-derived lines lacking C/EBP proteins could be accomplished by

constitutive expression of the bZIP domain of C/EBPP (Hu et al., 2000). More recently,

!

Hy
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C/EBPB binding to and subsequent activation of target genés in lipopolysaccharide -

stimulated macrophages were shown to occur prior to induction of C/EBPR protein levels

.and in the absence of induced C/EBPp phosphorylation or nuclear translocation (Bradley

et al,, 2003). Thus different mechanisms likely control C/EBPB function in different cell
types.

The in vivo binding capacity of C/EBPp and § to adipogenic genes as early as 1

hr post-differentiation seems likely to be modulated by components of the cocktail of

diff_erentiation. ChIP assays performed with 3T3-L1 over-expressing C/EBPf in the
absence of differentiation inducers showed that this regulator is not recruited to the
PPARyZ and other promoters (Fig. 11L.5). This result shows that the physical presence of
C/EBP alone is insufficient to be recruited to specific prohoters. Further studies will be
required to detérmine the nature of modifications requiréd for both C/EBPf3 aﬁd éto
rapidly bind to adipogenic regulatory sequences following differentiation signvaling as well
as the relative importance of C/EBPf homddimers and'C/EBPB and d heterodimers.
Limited data on the binding of C/EBPB and 3 to gene promoters other than
C/EBPo and PPARY2 exist. In differentiating 3T3-L1 cells, C/EBPJ binds to the aP2
promoter between 24-72 hours post-differentiation (Tang et al., 2004), and a recent
report 'that' shows both C/EBPB and & on the adiponectin promoter in mouse adipose
tissue (Park et al., 2004b). These data raise the question of why C/EBPB and 6 are
bound to such promoters when evidence strongly suggests that the genes are not
activated until later times when C/EBPa has replaced C/EBPP and § at these loci. We
speculate that the presence of C/EBPB may be part of the process by which C/EBPo is

recruited to adipogenic promoters. Alternatively, or perhaps, additionally, all of the
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adipogenic loci undergo structural Changes at the onset of differentiation, and the
binding of C/EBPp to these loci serves as a mark for subsequent gene activation.

The data also clearly demon-straté that the C/EBP binding sites on each of the

- genes undergo a transition in binding from C/EBPB and & to C/EBPa. in vivo. We and

others previous'ly demonstrated that this occurred on the PPARy2 promoter during-
adipogenesis (Salma et al., 2004; Tang et al., 2004). From the data presented here, we

predict that this transition occurs on all adipocyte genes containing C/EBP binding sites

-"\:'i/'ith similar kinetics, indicating the importance of the transition and a role for C/EBPB

and & in both early and late evénts of the differentiation program. We note that the
binding of C/EBPB and & correlated with the induction of overall cellular levels of C/EBPB
and 8. Similarly, C/EBPp and § were replaced on each promoter between 24 and 48
hours pos't-diffe‘rehtiation., the time at which C/EBPa protein levels begin to be induced.
Thus the binding of Vthe‘ specific C/EBP proteins to adipocyte specific Qenes in vivo d.oes_
not correlate with the time of target gene expression but instead occurs rapidly after the

induction of C/EBP protein levels.
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CHAPTER IV

GENERAL DISCUSSION

. Role of SWI/SNF in adipogenesis

During cellular differentiati_on the expression of a group of genes is activated

sequentially to establish the tissue—specific phenotype. Gene activatioh requires that

- specific transcription factors bind to the control regions to facilitate the interaction of
" sidditional factors, such as chromatin modifying enzymes that are involved in the

" decondensation of the chromatin, which in turn facilitates the recruitment of the basal

transcription .méchinery to the core promoter to initiate transcription.

The major transcription factors that control the adipogenic process include the
C/EBP pr_otein family and the nuclear hormone receptor PPARYy, which act in concert to
reguléte the expression of adipoéyte-specifc genes. The acfion of both transcription
factors requires modifiCation of the chromatin structure at the adipocyte specific‘l.oci,
howeve:r, prior to this work, nb studies of chromatin remodeling had been described. |
The main foéus of this thesis was to study the fuvnction of chromaﬁn remodeling

enzymes, in particular the ATP-dependent chromatin remodeling enzymes, during

. adipocyte differentiation. For these studies, we utilized cell lines that inducibly expre‘ss

mutant versioné of SWI/SNF enzymes (de La Serna et al., 2000). Adipocyte
differentiatioh was induced in these cells by forced expression of three main regulators
of adipogenesis, C_/EBPB, C/EBPa or PPARY. The results of thése studi.es., which We_re
presénted in chapter I, ciearly derﬁon'strated that BRG1 and hBRM activitiesare

required in adipogenesis mediated by C/EBPB, C/EBPo or PPARY activators.
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Analysis of the expression of the late adipocyte genés aP2 and_radipsin showed
that BRG1 or BRM are required for the induétion of these genes. Furthermore,
overexpression Qf éither C/EBPoc or C/EBPB activated PPARY expression in a SWI/SNF
. dependent way. These results revealed the requirements of SWI/SNF in both early

('inducing PPARY) and late (inducing aP2 and adipsin) gene activation. ' In contrast,

- dominant negative BRG1 or BRM did not affect the expression of endogenous C/EBPB _
and C/EBPS, suggesting that SWI/SNF is nbt required for expressio_n of these genes.
Another master régulat'or_in adipbgénesis is C/EBPa, which is regulated by other
members of the C/EBP family and by PPARy. However, the role for SWI/SNF in

' C_/'EBPoc expression could not be determiﬁed using the dominant negative cell lines that

over express C/EBPB or PPARy because NIH-3T3 celis afe deficient in C/EBPa; (Wu ét

al.,-' 1998). FutU’re studies will address the role of SWI/SNF enzymes in the régulation of

C/EBPa by utilizing Swiss-3T3 cells, a cell line that expresses high levels of C/EBPa..

By silencing the expression of either BRG1' or BRM in Swiss-3T3 cells, using small

interfering RNA, we will determine if there is an effect on C/EBPao expression.

Mechanisms by which SWI//SNF activates PPARYy2

Our next question was to understand how SWI/SNF activity regulates adipocyte
gene expression. Biochemical studies have indicated that SW‘I./SNF alt'e‘r's nucleosome
structure and .may also promote the binding of transcription factors like GAL4, and some
of the generél transcription factors like TBP/TFHA (Cote et al., 1998; Cote et al., 1994;
Imbalzano et al., 1994; Imbalzano et al., 1996; Kwon et al., 1994). Few studies have

addressed this question in differentiating cells by examining the temporal binding of
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difterent classes of chromatin remodeling enzymes, transcriptional regulators, and RNA

: o polymerase |l factors to the promoter DNA.during gene activation (Agalioti et al., 2000;
Martens et al., 2003; Soutoglou and Talianidis, 2002). Using our unique cell Iines that

: mducnbly express mutant SWI/SNF enzymes we were able to specifically address the
role of SWI/SNF in facilitating promoter accessibility to various factors to adlpogenic loci.

Because PPARy is the master regulator of adipocyte differentiation, it has-
become the focus of numerous studies (Rangwala and Lazar, 2004; Rosen and

) S’piegelman, 2001). The dependency of ’PPARy2 eXpression on SWI/SNF activity
prompted us to evaluate this promoter. The temporal analysis of the bmdlng of various
classes of transcription factors to this promoter was analyzed by the chromatin
immunoprecipitaiton assay (ChlP). From the studies in cell lines that express dominant
negative BRGH1, it is evident that SWI/SNF activity is reqwred for the continuous stable
assomahon of the prelnltlation complex and/or for promoting promoter clearance and
elongation. Preinitiation complex formation was not affected by the presence of
dominant negative BRG1 in tnese cells, but interestingly, at the onset of transcription,
coincidently with SWI/SNF binding, the assembly of RNA polymerase I, and general

k | - transcription factors fell apart. These observations strongly suggest the SWI/SNF may

- facilitate promoter clearance.

In addition SWI/SNF may be involved in facilitating preinitiation complex
formation since TFllH is recruited to the PPARY2 promoter in 3T3-L1 cells at the. same
time as Brg1, Brm and Ini1. The blnding occurred at the onset of PPARY2 transcrlption
Phosphorylated RNA polymerase Il and associated general transcription factors, TBP |

and TFIIB are associated with the promoter by day one.
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Transcription in eukaryotes involves a coordinated cycle of ever_its that consists
of assemblyv of the pre-initiation complex, initiaticn, promoter clearance, elongation and
termination. Although, the traneition between these events is poorly understood, the |
hyperphosphorylation of the C-terminal domain (CTD) of RNA polymerase || triggers
promoter clearance and thereby defines the initiation to the elongation transition. It is
| ~ thought that the hyperphosphorylated CTD domain of RNA polymerase Il disrupts the
links to the pre -initiation machinery and establishes new contacts with the elongatlon
factors, which leads to movement of RNA polymerase n through the chromatin (promoter
clearance) and transcript elongation (Svejstrup, 2004). Since the disassembly of the
preinitiation complex and RNA _polymeraSe Il occurred at the onset of transcription in | _ i
dominant negative BRG1 cells, it implies that SWI/SNF may facilitate promoter
clearance either by recruiting various factors or by facilitating RNA colymerase I to'
move thrcugh chromatin. Further experiments will be required to explore this
mechanism. |

Evidence from other reports also implies this mechanism when actiyities of ATP-
dependent chromatin remodeling enzymes are involved. Early studies on the hsp70
gene have suggested that the remodeling of nuclesomes near the prorhcter region by
SWI/SNF activities is crucial to release the paused polymerase and allow elohgation to
proceed (Brown et al., 1996; Corey et al., 2003). Additicnal studies in Drosophila have
~shown a high correlation between distrihution of BRM and trahscriptionally active
chromatin on the pOIytene chromosome of Drosophila. lnte.restingly, loss of BRM
function r\esulted in decreased association of RNA polymerase II with the salivai'y gland
chromosomes, suggesting a roleof BRM in recruitment of the preinitiation complex and

RNA polymerase |l (Armstrong et al., 2002). Recently, it was shown that the Drosophila
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trithorax group gene, kismet (kis), which is related to the members of the SWI/SNF and
CHD1 families, associates with transcriptionally active chromatin. Studies with non
functional Kis confirmed that the presence of elongating RNA polymerase Il and the
elongation factors SPT6 and CHD1 are considerably reduced on polytene chromosomes

(Srinivasan et al., 2005).

Role of SWI/SNF regulating the expression of adipocyte specific genes

Subsequently, we asked if a similar mechanism as observed at the PPARy2
promoter also extends to other adipogenic genes that are regulated by SWI/SNF activity.
A series of ChIPs was performed on aP2 and adipsin promoters using dominant
negative cell lines overexpressing C/EBPq. Preliminary data showed that in the
presence of dominant negative BRG1, the recruitment of one or more of the general
transcription factors, TFIIB, TFIIH, and/or TBP was compromised at the onset of gene
expression. That possibly explains the down regulation of both genes (Fig. I1.6). These
results support that this might be a general mechanism of SWI/SNF mediated

transcriptional activation.

SWV/SNF role in altering chromatin structure

Previous studies demonstrated that SWI/SNF alters chromatin structure, as
evidenced by an increase in accessibility at the promoter regions. However, our results
indicate that changes associated with chromatin structure at the PPARY2 promoter in
3T3-L1 correlated neither with SWI/SNF recruitment nor with PPARY2 induction,
indicating that factors other than SWI/SNF, such as ISWI complexes, may be involved in

this process. It is possible that a subtle change in the remodeling of a positioned
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nucleosome close to the start site at the promoter may require SWI/SN_F function. This
could be evaluated by fine mapping of the ni;cleosoine positions during.differentiation.
‘Further investigetiohs, using deminant negative BRG1 expressing cell lines, could clarify
- this concern. Moreover, neither the overall acetylation status at the promoter 'regions nor
the binding sites of transcriptional factors was influenced by the presence of dominant
negative SWI/SNF. But this does not exclude the involvement of SWI/SNF in some

other histohe specific modifications.

. In vitro analysis ef SWI/SNF mediated transcriptienal activation

- To determine if SWI/SNF enzymes play a critical role in the assembly,
sfabilization, and function.oic the preinitiation complex at the PPARY2 promoter, whether
its activity is simply involved in remodeling of nucleosemes, or the combii'iation of bo_th, a
molecular approach such as in vitro transcripﬁon on DNA templates immobilized on
paramagnetic particles, could be considered for future experiments. By reconstituting the
transcriptional events such as initiation, elongation, and termination on a naked or
nucleosomal reconstituted template, this method allows an in depth analysns of the
factors involved in the transcription of a particular gene. These experiments potentially
will allow us to measure intermediates in PIC formation and elongation actiwty caused

by blocking the ATPase activity of SWI/SNF enzymes.

C/EBP transcription factors at the PPARY2 promoter
The analysis of the binding of the C/EBP family of trans'cription factors to the
PPARY2 promoter was important for several reasons. Many studies have supported the

essential role of C/EBP transcription factors in adipogenesis and in the regulation of
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PPARY2 expression (Clarke et al., 1997; Freytag et al., 1994; Lin and Léne,_ 1994; Wu et

al., 1995b; Yeh et al., 1995). “Analysis of the murine PPARY2 promoter identified two

C/EBP recognition elements relative to the transcriptional start site that directly modulateb

: transcription of PPARY2 (Cla'rke et al., '1997; Elberg et al., 2000; Zhu et al., 19'95);
Physical interaction between C/EBP factors and components of the SWI/SNF complex
and the general tfanscription factors is indicative of their poss.ible role in recruitment Qf

.t_hese activities to the promofer to mediate tranecriptiOnaI activatien (Kowenz-Leutz and

. ‘I“‘_"'eutz, 1999;' Nerlov and Ziff, 1995; Pedefsen et al,, .2001). Recently it has also been

demohstrated thaf the C/EBPs recruit different mediator complexes to fhe target gene

promoters depending on the phosphofylation status of the C/EBPP MAPK site. The

differentiel interactions mediate gene transcription or repression (Mo et al., 2004).
| By ChIP’ analysis we. demonstrated the temporal and sequential recruitment of

C/EBP family members to PPARY2 promoter during differentiation of 3T3—L1 cells, where

C/EBPB and 9 bind first and then afe substituted by C/EBPa. This binding pattern was

consistent with thé expression pettern of thes‘e C/EBPs. The péttern of binding of

C/EBPB and Sdid not ehange in C/EBP o overexpressing cells in the presence of

dom‘inant negetiVe BRG1, although C/EBPa remeined bound to the promoter during the

| differentiation process. |

Changes in chromatin strecture measured by nuclease accessibility correlated
with binding of C/EBPB and & and general transcription factors. Based on early feports,
we propose that. C/EBPB_and ) heterqdimers are responsible for the recruitment of the
preiniﬁation complex to the promoter at very early time points following the initiation of -
the differentiation program (Kowenz-Leutz and Leutz, 1999; Pedersen et al., 2001). In

that study, the authors demonstrated that the transactivation element (TEIIl) in C/EBPo.
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and the conserved region (CR1) of C/EBP function as SWI/SNF binding domains.
Ectopic expression of a C/EBPo. mutant lacking TEII in NIH-3T3 cells prevented
adipogenesis. Additionally, ectopic expression of C/EBPo mutants in TE | and TEII,
interfered with TFIIB and TBP recruitment and consequently inhibited adipogenesis
(Kowenz-Leutz and Leutz, 1999; Pedersen et al., 2001). This observation suggests that
C/EBPo. or C/EBPJ may recruit SWI/SNF and general transcription factors to promoters.
If this assumption is correct, then ectopic expression of C/EBP mutants in NIH-3T3 cells
as discussed above should prevent such an interaction, resulting in the absence of
SWI/SNF at the promoter and gene expression.

What causes the recruitment of SWI/SNF to the promoter? Does the transition in
binding of C/EBP factors from B/3 to o initiate SWI/SNF recruitment? or does C/EBPo
itself or in concert with C/EBPB and/or & bring SWI/SNF activities to the promoter?
Alternatively, is a posttranslational modification of a C/EBP member at the promoter
required to bring SWI/SNF activity? There are still many questions that need to be
answered in order to really establish the role of the C/EBPs in adipogenesis (see below).
The scenario is complex since C/EBPs interact with a number of coactivators and
repressors. In addition, C/EBP activity is controlled by a number of post-translational
modifications. Nevertheless, it is clear from these studies that C/EBP family members
play a pivotal role during PPARy2 activation, targeting to the promoter a series of
coactivators which in concert modulate its expression.

Another important aspects of the functional activity of C/EBP family members in
adipogehéSis came from the studies of the double C/EBPB and & knockout mice,

C/EBP(-/-) C/EBP&(-/-). These mice had a decreased adipose tissue mass and levels

of some adipocyte markers were either completely inhibited or moderately down
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regulated, even though protein Ievéls'of the master regulators, PPARy and C/EBPo,

were unaffected (Tanaka et al., 1997) These results are suggestlve of a possible role of

C/EBPB and C/EBPS in the regulatlon of late adipocyte genes. leeWIse we determlned'

by ChIP assays that C/EBPB and & are recruited to a series of adibocyte genes,

including adipoCyté transcription factors, and the results were presented in chapter lIl.

Kine'tics of C/EBP protein binding to adipocyte genes during differentiation

We temporally analyzed, in a short time course of differentiation in 3T3-L1 cells, |

. the in vivo recruitment of C/EB'PB and & and o to the C/EBPa, PPARY, resistin,

‘adiponectin and leptin p'romoters. C/EBPo. and PPARY promoters were considered as

positive controls, since it was known that C/EBP factors interact in vivo with the C/EBP
sites of both prdmoters (Rochford et al., 2004; Salma et al., 2004; Tang et al., 2004). All

of the C/EBP isoforms a, B and § in this study play a role in regulating'the expression of

PPARY2, C/EBPa, resistin, adiponectin, and leptin. Binding of each of the C/EBPs

undergoes a transition from C/EBPP and & to o.. This transitional binding may play a
pivotal role since it occurs in all of the adipocyte gehes evaluated, including glut4 and

ap2 promoters. It occurs prior to gene expression and it is independent of the time at

which gene expression is initiated. The recruitment of the earlier expressed C/EBPB an>d

8 occurred as early as 1 hour and correlated with induction of these activators. The
same occurred with C/EBPo. which is expressed later, between 24 to 48 hours.

~ Thus, from our results bresented in chapter lll, we conclude that C/EBP family‘
membérs_, a, B and & bind to adipocyte genes in vivo in a manner that foIIoWs the .

induction of C/EBP protein synthesis, without any delay, unlike previously published
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reports (Lane et al., 1999; Tang et al., 2005; Tang and Lane, 1999; Tahg et al., 2003a).
A question that arises»from these studies is whether overexpressjon_of any of these
proteins is sufficienf_ to promoté C/EBP binding to adipocyte gene promoters. When |
C/EBPJ was overexpressed-in 3T3-L1 cells, no binding occurred on the PPARyQ
promoter and other promoters in the absence of differentiation cocktail. As was
mentioned earlier, C/EBPB undé‘rgoes a series of posttranslational modifications such as
phosphorylavtion, which are induced by the Components. of the differentiation cocktail,
and these modifications modulate both its transcriptional activity and DNA binding
cabacity. The same result was obtained when C/EBPJ was overexpressed in NIH-3T3
cells. In contrast, overexbression of C/EBPa in NIH-3T3 cells is sufficient to promote
birnding to promoters, even ih the absence of differentiation cocktail; however, gene
activation does hot occur unlesé cocktail is added. - Unlike C/EBP, C/EBPa. is only
phosphofylated_at three sites during adipogenesis; these phosphorylations cause
confc')rm.ational changes but do not affect transactivation activit‘ies and most lxikely DNA
binding capacity [Re.viewed in (Otto and Lane, 2005)]. Future experiments: could
contemplate the analysis of such modifications and how differentially they modulate
eaqh member of the family.
Binding of C/EBPB and & on thesé'promoters suggest a fundamental role for

these proteins at early time points durin g differentiation, including early and late
v adipocyte genes. C/EBPB and & interact with the same patterh of binding at regulatory
sequences in adipocyte genes other than C/EBPa and PPARY2. Our results could
explain the observations in the double knockout mice C/EBPB(-/—).C/CPBS(-/—) (Tanaka
ét al., 1997). aP2 expression in these doublé knockout mice is downregulated indicating

that full induction requires the concerted actiVity of all of the members of the C/EBP
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family involved in adipogenesis. Mbuse_embryonic fibroblasts (MEFs) isolated from the
double mutant did not differentiate in culture since expression of PPARy2 and C/EBPo. -

did not occur. Interestingly, when PPAR72 was introduced into these C/EBPB(-/-‘

- ).CICPB&(-/-) fibroblasts, they differentiated in the presence of inducers. However,

expression of C/EBPa, Glut4, adipsin, and insulin receptor substrate 2 (IRS-2)'was lower
than in the wild type MEFs. These results also suggested a role for C/EBPp and § in the

regulation 'of genes such as Glut4 and IRS-2 that are involved in insulin-sigbnaling

'(Yamamoto et al., 2002). Therefore, full induction of these genes requires the concerted

activity of all of the C/EBP fambily members.

The binding of C/EBPB and § at early time points from 1 to 48 hours before gene
induction seemed to be essential since it occurred on all of the adipocyte genes studied.
These proteins. ére on the pfomoter but there is no transcription. It is not clear why they
are on the promoter so early and for such a long period of time. Whatbar'e they
regulatihg? What are the mechanisms during mitotic clonal expansion that cause the
delay of. the activation of all of the genes studied? The answer fo these questions would
incréase our u'nderstanrding of many aspects of the functional activity of these

transcription factors and the establishment of interaction with other proteins that in

" concert modulate the whole adipogénic process. ltis likely that crosstalk between the

cell cycle regulators and the factors controlling adipogenesis (Fajas, 2003) is established
through the C/EBP ‘family members. It is well known that C/EBPJ during mitotic clonal
expansion (Tang et al., 2003a; Tang et al., 2003b; Zhang et al., 2004b) and the
rvecru.itment of C/EBPa indubes proliferation arrest and terminal dif‘férentiati’on (M‘uller et

al., 1999). Numerous proteins and signaling pathways that are active during the cell
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cycle stimulate or inhibit the activity of C/EBP proteins, perh‘aps by modulating the state
of phosphorylation, or acetylation. |

We speculate that early association of C/EBPB and o to the regulatory elements

- of all of the genes evaluated may be functionally “marking” these genes for subsequent

gene activation. The requirements of the master regulator PPARY are crucial in this
process. A recent study showed that C/EBP( bfnds to the C/EBPa promoter, but in the
absence of PPARY is associated with HDAC1 (Zuo et al., 2006). Under these conditions
C/EBPoc expression did not take'plavce unless PPARYy and its ligand are present. PPARYy
and ligand dislodge HDAC1 frofn the C/EBPo. promoter releasing the repression state
(Zuo et al., 2006). Itis possible that the presence of C/EBP and & at early time points
durin.g differenti_ation recruits HDAC or other repressive acﬁvity to the promoters
“awaiting” the éXpreSsion of the master regulétofs.' Then, repression is remdvéd when

PPARYy is present and expression commences.
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The peroxisome proliferator-activated receptor gamma (PPARY) regulates adipogenesis, lipid metabolism,
and glucose homeostasis, and roles have emerged for this. receptor in the pathogenesis and treatment of
diabetes, atherosclerosis, and cancer. We report here that induction of the PPARYy activator and adipogenesis
forced by overexpression of adipogenic regulatory proteins is blocked upon expression of dominant-negative

 BRG1 or hBRM, the ATPase subunits of distinct SWI/SNF chromatin-remodeling enzymes. We demonstrate
" that histone hyperacetylation and the binding of C/EBP activators, polymerase II (Pol II), and general

.transcription factors (GTFs) initially occurred at the inducible PPAR+2 promoter in the absence of SWI/SNF
function. However, the polymerase and GTFs were subsequently lost from the promoter in cells expressing
dominant-negative SWI/SNF, explaining the inhibition of PPARy2 expression. To corroborate these data, we
analyzed interactions at the PPARy2 promoter. in differentiating preadipocytes. Changes in promoter struc-
ture, histone hyperacetylation, and binding of C/EBP activators, Pol 11, and most GTFs preceded the inter-
action of SWI/SNF enzymes with the PPARy2 promoter. However, transcription of the PPARY2 gene occurred
only upon subsequent association of SWI/SNF and TFIIH with the promoter. Thus, induction of the PPARy
nuclear hormone receptor during adipogenesis requires SWI/SNF enzymes to facilitate preinitiation complex

function.

Differentiation of adipocytes, as with all differentiation
events, involves programmatic changes in gene expression pat-
terns. Genes specifically expressed in adipocytes must be acti-
vated; the concerted action of several transcriptional regula-
tors, including C/EBPa, C/EBPB, and the nuclear hormone
receptor peroxisome proliferator-activated receptor gamma
(PPARY), controls these activation events via direct interac-
tion with PPAR~y and C/EBP binding sites in adipocyte-specific
gene-regulatory sequences (reviewed in references 14,33, and
36). Each of these regulators is expressed with different kinet-
ics during adipocyte differentiation in culture, yet forced over-
expression of any is sufficient to initiate adipogenic differenti-
ation in fibroblast cells (17, 45, 50; 51). Function of the PPARYy
regulator is especially critical, since many of the genes involved
in adipogenesis, as well as glucose homeostasis, are activated
by this nuclear hormone receptor. Since adipocyte-specific
genes are not expressed prior to differentiation, it is likely that
the regulatory sequences controlling the expression of these
genes are incorporated into a repressive chromatin structure
that is refractory to gene expression. Eukaryotic cells have
evolved two classes of enzymes that can alter chromatin struc-
ture to control accessibility to the transcriptional machinery.
These include histone-modifying enzymes, which postiransla-

* Corresponding author. Mailing address: Department of Cell Biol-
ogy, University of Massachusetts Medical School, 55 Lake Ave. North,
Worcester, MA 01655. Phone: (508) 856-1029. Fax: (508) 856-5612.
E-mail: anthony.imbalzano@umassmed.edu.

tionally modify the N-terminal and. C-terminal domains
(CTDs) of the individual histone proteins that comprise the
nucleosome, and ATP-dependent chromatin-remodeling en-
zymes, which alter structure by disrupting the histone:DNA
contacts of the nucleosome, thereby altering nucleosome con-
formation and, in some cases, altering the position of the
histone octamer along the DNA (reviewed in references 28, 42,
and 46). ,

The mammalian SWI/SNF family of ATP-dependent chro-
matin-remodeling enzymes includes members containing ei-
ther the Brgl or Brm ATPase. Although the mammalian SWI/
SNF enzymes share most of the same subunits, multiple forms
of these enzymes exist; these are distinguished by the ATPase
present, the presence of unique subunits, and/or the presence
of tissue-specific isoforms of common subunits (30, 39, 48, 49).
In vitro analyses of hBRM- and different BRG1-containing
enzymes reveal many similarities in chromatin remodeling as-
says (39). In vivo, however, clear differences in function likely
exist. Brgl-knockout mice are embryonic lethal, and heterozy-
gotes are predisposed to tumors (7). Brm knockout mice and
cells, in contrast, show only modest proliferation differences
compared to the wild type (35). Additionally, at the molecular
level, chromatin immunoprecipitation (ChIP) analyses have
revealed that Brgl and Brm can be present on different pro-
moters (18, 40), supporting the idea of differential functions.

Collectively, the literature reveals that Brgl and/or Brm can
physically interact with a number of different transcriptional
regulatory proteins, and these proteins have been localized by
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ChIP studies to the promoter sequences of a number of induc-
ible genes during transcriptional activation. In particular, pre-
vious work has indicated a requirement for or a contribution by
SWI/SNF enzymes for activation of cellular differentiation
genes. Myeloid, erythrocyte, enterocyte, muscle, and adipose
cell differentiation events have been linked to the presence of
functional SWI/SNF enzymes (2, 12, 19, 32, 40) and, in a more
limited number of cases, to the ability of SWI/SNF enzymes to
alter chromatin structure at or near inducible promoters. In
the case of adipogenesis, the factor C/EBPa, already known to
physically interact with the polymerase I (Pol II)-associated
general transcription factors TBP and TFIIB (29), was shown
to have the capability to interact with hBRM (32). Moreover,
the domain mediating this interaction was critically required
for the ability of C/EBP« to -transdifferentiate fibroblasts into
adipocyte-like cells. In vitro, the competency of PPARy to
activate in vitro transcription templates assembled into chro-
matin was dependent on a specific BRG1-containing SW1/SNF
enzyme (22). However, the nature of the role that SWI/SNF
enzymes play in facilitating adipogenic gene expression re-
mains to be determined.

Here we explore the functional role of SWI/SNE enzymes
during adipocyte differentiation by examining the activation of
the PPARY regulator itself. PPARy mRNA is expressed from

. two distinct promoters that give rise to two distinct isoforms,

termed PPARvy1 and PPARYy2 (52). We focused on PPARY2

“ expression because in differentiating preadipocytes, PPARY2 is

highly induced and is the predominant isoform in differenti-
ated adipocytes (38, 44), while in undifferentiated and differ-
entiated fibroblasts, PPARy1 expression was not observed (see
below). We found that the. SWI/SNF enzymes are critically
required for transdifferentiation of fibroblasts along the adipo-
genic pathway. Temporal analyses of factor binding to the
PPARY2 promoter revealed that the BRG1-based SWI/SNF
enzymes did not facilitate activator binding to the promoter
but instead promoted preinitiation complex (PIC) function.
Examination of PPARY2 activation during differentiation of
committed preadipocyte cells confirmed that changes in chro-
matin structure, activator binding, and assembly of multiple
components of the PIC did not require SWI/SNF function.
Nevertheless, activation of PPAR«y2 transcription did not oc-
cur until SWI/SNF and TFIIH subsequently were brought to
the promoter. Thus, using two different cellular models for
adipocyte differentiation, we demonstrate that activation of the
PPAR~ regulator critically depends upon SWI/SNF enzymes,
most likely by facilitating PIC formation and function.

MATERIALS AND METHODS

Plasmids. The retrovirus encoding mouse PPARY2 (45) and cDNAs encoding
rat C/EBPa (20) and mouse C/EBPB (8) were kindly provided by Bruce
Spiegelman. C/EBPa and C/EBPR were subcloned into pBabe-Puro (27).

Cell lines and differentiation methods. The derivation and mainienance of the
cell lines that express dominant-negative human BRG1 (B22 and B24), domi-

nant-negative IBRM (H17), and the Tet-VP16 regulator (Tet-VP16) were de- - -

scribed previously (11). To infect cell lines, BOSC23 cells were cultured in

100-mm-diameter dishes and transfected at 80% confluence by FUGENE °

(Roche) with 10 pg of pBabe-PPAR~2, pBabe-C/EBPa, pBabe-C/EBPf, or the
empty vector as described previously (31). Viral supernatants were harvested
48 h after transfection. Dishes (60 mm) of B22, B24, H17, or Tet-VP16 cells at
50% confluence were infected with virus in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% calf serum, 4 pg of polybrene/ml, and 2 pg of tetra-
cycling/ml in a final volume of 5 ml, The corresponding cell lines were split 1:3
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48 h after infection and placed under selection with 2 pg of puromycin/ml in the
presence of tetracycline. Subsequently, each virally infected cell line was split 1:4
into media containing or lacking tetracycline. After 96 h -the medium was
changed. Plates designated to be undifferentiated received and continued to be
maintained in DMEM plus 10% calf sefum in the presence or absence of
tetracycline, while the plates designated for differentiation received DMEM plus

10% fetal calf serum plus cocktail containing 0.5 mM methylisobutylxanthine

(Sigma), 1 pM dexamethasone (Sigma), 5 pg of insulin/ml, and 10 pM troglita-
zone (Biomol) in the presence or absence of tetracyclme for 48 h. The cells were
subsequently maintained in DMEM plus 10% fetal ‘calf serum with 5 pg of
insulin/m] and refed every 2 days for up to 8 days.

3T3-L1 preadipocytes were purchased from the American Type Culture Col-
lection, maintained in growth medium consisting of DMEM containing 10% calf
serum, and induced to differentiate as described previously (50).

0il Red O staining. Sixty-millimeter-diameter dishes were washed twice with
phosphate-buffered saline (PBS) and fixed with 10% buffered formalin for 30
min. The formalin was aspirated, and the cells were stained for 1 h in freshly
diluted Qit Red O solution (Sigma), prepared by mixing six parts Oil Red O stock
solution (0.5% Oil Red Oil in isopropanol) and four parts distilled water. The
stain was removed, and cells were washed three times with distilled water and
photographed.

RNA analysis. RNA isolation and analysis by Northern blotting was described
previously (13). Probes were derived from plasmids containing PPARY, aP2, or
adipsin cDNA (provided by B. Spiegelman) and were labeled by random prim-
ing. Washed blots were exposed to a Phosphorlmager (Molecular Dynamics).

For reverse transcriptase (RT)-PCR, total RNA (3 ug) was reverse transcribed
with Moloney murine leukemia virus RT (Invitrogen). cDNA was amplified by
PCR with Tag polymerase (Invitrogen; 2.5 Ufreaction), 0.2 mM deoxynucleoside
triphosphates, 8 ng of each primer/pl, and either 1 mM (C/EBPa), 1.5 mM
(PPARy), or 2.5 mM hypoxanthine phosphoribosyltransferase (HPRT) MgCl,.
The initia! denaturation step was at 95°C for 5 min and was followed by 25 cycles
(PPARy and (JEBPq) or 27 cycles (HPRT). A cycle for PPARy PCR consisted
of denaturation for 30 s, annealing for 40 s at 68°C, and extension at 72°C for
30 s. For C/EBPa, it consisted of denaturation for 50 s, annealing for 55 s at 66°C,
and extension at 72°C for 50 s. The final round of extension was for 5 min. The
sequences of the primers were as follows: 5'-GCATGGTGCCTT CGCTGATG
C-3’ and 5'-AGGCCTGTTGTAGAGCTGGGT-3' for PPARY2 (340-bp prod-
uct), and 5’-CCGGCCGCCTTCAACGAC-3 and 5'-CT CCTCGCGGGGCTC
TTGTTT-3' for C/EBP« (288-bp product). HPRT and PPARy1 RT-PCRs were
described previously (13, 52).

Nuclear run-on analysis was performed as described prevnously by Schiibeler
and Bode (http://juergenbode.gmxhome.de/t01176.htm) on nuclei isolated from
~4 % 10° differentiating 3T3-L1 preadipocyte cells that were collected at days 0,
2, 4,5, 6, and 7 after induction of differentiation. Hybond N+ membranes
(Amersham) were prepared for hybridization as described previously (3). Im-
mobilized DNAs included 0.1 g of genomic DNA from 3T3-L1 preadipocytes,
3 ng of EcoRI-linearized pBABE and pBABE-PPARY2, or 3 pg of PCR product
corresponding to nucleotides 181 to 531 of the mouse 36B4 cDNA, to nucleo-
tides 111 to 641 of mouse Gapdh, or to Hprt. The HPRT PCR product has been

described (13).

Protein extracts and Western analysis. Tsolation of protein and Western blot-
ting have been described (11). Antibodies utilized included C/EBPB (Santa Cruz,
$¢-7962), M2 anti-FLAG (Sigma), and phosphatidylinosito} (PI) 3-kinase (06-
496; Upstate). Determination of the total Brgl levels (see Fig. 4) was performed
by scanning multiple film exposures and quantifying in ImageQuant (Molecular
Dynamics).

Accessibility assays. Restriction enzyme and DNase I accessibility assays were
performed as described previously (12), except that buffer M contained 0.15 mM
spermine and 0.5 mM spermidine. DNase 1 was purchased from Promega.
Probes P1 and P2 were PCR fragments corresponding to —1579 to —1187 and
—105 to +138 from the mouse PPARy2 promoter (52).

ChIPs. The ChIP procedure was adopted from the Upstate protocol. Cells at
the indicated time points were fixed by adding 37% formaldehyde 10 a final
concentration of 1% and incubated at 37°C for 10 min. Cross-linking was stopped
by addition of glycine to a.final concentration of 0.125 M. Cells were washed
twice with cold PBS and collected in 1 ml of PBS containing protease inhibitors.

" After centrifugation, the pellet of cells was resuspended in sodium dodecyl

sulfate (SDS) lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI [pH 8.1))
containing protease inhibitors and incubated on ice for 10 min. Cell lysates were
sheared extensively by sonication (Ultrasonic processor from Cole and Parmer;
3-mm tip at 80 W) on ice (o obtain fragments from 200 to 600 bp, as revealed by
ethidium bromide staining of aliquots run on agarose gels. Samples were cen-
trifuged to pellet debris, and an aliquot was taken for gel analysis and inputs. One
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hundred micrograms of soluble chromatin was diluted 10 times with IP buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8.1], 167 mM
NaCl) containing protease inhibitors and precleared for 3 h at 4°C with 50%
slurry of protein A, G, or Liin Tris-EDTA (TE) (depending on the isotype of the
antibody used) in the presence of 20 pg of sonicated salmon sperm DNA and 1
mg of bovine scrum albumin/ml. After incubation, " the beads were pelleted, and
the supernatant was immunoprecipitated with antibodies of interest (see below)
at 4°C overnight. Immune complexes were collected with 50% slurry of protein
A, G, or L containing 20 pg of sonicated salmon sperm DNA and 1 mg of bovine
serum albumin/ml in TE by incubation at 4°C for 1 h. Sepharose beads were
washed sequentially for 5 min at 4°C with wash 1 (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris-HCI {pH 8.1}, 150 mM NaCl), wash 2 (wash 1
containing 500 mM NaCl), and wash 3 (0.25 M LiCl, 1% NP-40, 1% sodium
deoxycolate, 1 mM EDTA, 10 mM Tris-HC! [pH 8.1]), and finally were washed
twice with TE (pH 8.0). Immune complexes were eluted from the beads with 1%
SDS in TE (pH 8.0), and protein-DNA cross-links were reversed by adding 200
mM NaCl and heating at 65°C overnight. After treatment with proteinase K, the
samples were purified with the QIAquick PCR purification kit (QIAGEN).
One-tenth of the immunoprecipitated DNA and 1% of the input DNA were
analyzed by PCR. |

Antibodies used included Brgl, Brm, and Inil (11) diacetylated (K9K14) H3

(06-599; Upstate), Tetra-acetylated H4 (06- -866; Upstate), Pol I1 CTD-Ser-5P

(Covance), and the following Santa Cruz antibodies: C/EBPa (sc-9314), C/EBPB
(sc-7962), C/EBPS (sc-151), TFIIB (sc-274), TBP (s¢-273), and TFHH (sc-293).
When Pol II antibody was used, 10 mM NaF was added to all buffers. PCRs were
performed with QIAGEN HotStart Tug master mix in the presence of 2 uCi-of
[-32P]dATP under the following conditions: 94°C, 15 min, followed by 26 cycles
(B-actin) or 27 cycles (PPARY2) of 94°C for 30 s, and then either 65°C for 40 s
(B-actin) or 49.5°C for 40 s-(PPAR~Y2), followed by 72°C for 30 s, followed by a
72°C extension for 5 min. PCR products were resolved in 8% polyacrylamide-1x
Tris-borate-EDTA gels, dried, and exposed to a Phospholmager. Primers used
were the following: B-actin, 5' (+31)GCTTCTTTGCAGCTCCTTCGTTG-3’
and 5'(+135)TTTGCACATGCCGGAGCCGTTGT-3; and PPARy2 pro-
moter, 5'(—413) TACGTTTATCGGTGTTTCAT-3" and 5'(—247) TCTCGC
CAGTGACCC-3'. Experiments utilizing Pol II or GTF antibodies were also
performed using primers spannmg =216 to —20 of the PPARY2 promoter with
identical results.

RESULTS

SWI/SNF enzymes are required for differentiation of fibro-
blasts along the adipogenic pathway. We previously described

. the B22 and H17 fibroblast cell lines that utilize the tet-regu-

latory system to inducibly express an ATPase-deficient, FLAG-
tagged human allele of BRG1 (B22) or an ATPase-deficient,
FLAG-tagged human allele of BRM (H17). The parent for

these cell lines, termed Tet-VP16, inducibly expresses only the

tet-VP16 transactivator and thus serves as a control for our
experiments. The mutant BRG1 and hBRM proteins ex-
pressed in B22 and H17 cells are competent to associate with
other endogenous subunits of SWI/SNF chromatin-remodeling
enzymes and can act as dominant negatives with regard to
different inducible gene activation events (11, 12).

To determine the requirement for BRG1- and hBRM-based
SWI/SNF enzymes in adipogenesis, we forced the differentia-
tion of these cells in the presence (dominant negative off) or
absence (dominant negative on) of tetracycline by infection
with a retroviral vector encoding the PPARy nuclear hormone
receptor or the C/EBPa or C/EBPB activator. Cells infected
with empty retroviral vector served as a control. Cells then
were split into medium containing or lacking tetracycline for
96 h and subsequently were cultured for 7 days in the presence
or absence of a differentiation regimen that included exposure

“to a differentiation cocktail (see Materials and Methods) con-

taining troglitazone, a synthetic PPARy ligand. Adipocyte dif-
ferentiation was shown by staining with Oil Red O, a lipophilic
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dye. In our hands, approximately 15 to 20% of the PPARYy-
infected cells stained with Oil Red O, which is similar to pre-
vious data for unmodified NIH 3T3 cells infected with PPARy
(45). Tet-VP16 control cells stained positively when infected
with the PPARY retrovirus but not when infected with the
empty vector (data not shown), and differentiation into adipo-
cytes was dependent on exposure to the differentiation cocktail

‘ -(Fig. 1). The presence or absence of tetracycline made no

difference, as expected. In contrast, B22 and H17 cells infected
with the PPAR~y retrovirus and cultured in the absence of

_tetracycline did not differentiate (Fig. 1), suggesting that the

expression of dominant-negative BRG1 or hBRM interfered
with the differentiation process. The same results were ob-
tained for cells infected with either the C/E'BP'oi or the C/EBPB
virus (data not shown).

SWI/SNF enzymes are required for the activation of adlpo-
genic genes as well as for activation of PPARy. We analyzed
the mRNA levels of two. adipogenic marker genes, aP2 and
adipsin, in cells expressing PPARy, C/EBPe, or C/EBPS. Cells
infected with the PPAR«y retrovirus and cultured in the pres-
ence of tetracycline and differentiation cocktail expressed both
genes, while cells cultured in the absence of tetracycline pro-
duced dominant-negative BRG1 and inhibited the expression
of both genes (Fig. 2A, right panel). Expression-of PPARY in
each of the samples was monitored by RT-PCR (Fig. 2B, right
panel), and induction of dominant-negative BRG1 was moni-
tored by FLAG expression (Fig. 2C, right panel). Other exper-
iments demonstrated that the related B24 cell line, which also
inducibly expresses dominant-negative BRG1, and H17 cells,
which inducibly express dominant-negative hBRM, similarly
inhibited expression of adipogenic marker genes in the pres-
ence of dominant-niegative protein (data not shown). Control
Tet-VP16 cells infected with PPARy-encoding virus showed .
accumulation of both aP2 and adipsin mRNAs, regardless of
the presence or absence of tetracycline (Fig. 3, lanes 9 and 10).
The results demonstrate that expression of dominant-negative
BRG1 or hBRM interfered with the differentiation process by
preventing expression of adipogenic genes. Since BRG1 and
hBRM have been found only in cells in a large-molecular-
weight complex associated with the other SWI/SNF subunits,
presumably adipogenesis is also dependent on the activity of
the SWI/SNF chromatin-remodeling enzymes.

Adipogenesis also can be induced in culture via ectopic
expression of the cellular transcription factor C/EBPa or
C/EBPB (17, 50, 51). When B22 cells were infected with ret-
rovirus expressing either C/EBPa or C/EBP, a similar block
to aP2 and adipsin gene expression was observed in the pres-
ence of dominant-negative BRG1, though in cells expressing
C/EBPaq, the aP2 and adipsin mRNA levels were reduced 85 to
90% and were not completely absent (Fig. 2A, left panel).
Expression levels-of C/EBPa-(Fig. 2B, left panel), C/EBPS,
and dominant-negative BRG1 (Fig. 2C, left panel) in these
samples were monitored by RT-PCR or Western blotting. Sim-
ilar results were obtained in H17 cells expressing dominant-
negative hBRM (data not shown). As anticipated, Tet-VP16
cells infected with C/EBPa- or C/EBPB-encoding virus ex-
pressed both aP2 and adipsin mRNAs in both the presence and
absence of tetracycline (Fig. 3, lanes 13 to 14 and 17 to 18).
Thus, SWI/SNF chromatin-remodeling enzymes also are re-
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FIG. 1. Expression of dominant-negative BRG1 or hBRM blocks the ability of PPARy2 to induce adipogenesis in fibroblast cells. B22 and H17
cells, which inducibly express ATPase-deficient, dominant-negative BRG1 or hBRM, respectively, upon removal of tetracycline, or Tet-VP16 cells,
which induce only the Tet-VP16 regulator, were infected with a retroviral vector encoding PPARY2, grown in the presence or absence of
tetracycline, and differentiated for 7 days in the presence or absence of differentiation cocktail (see Materials and Methods). Cells were fixed,

stained with Oil Red O, and photographed.

quired for activation of the adipogenic gene program by
C/EBPa or C/EBPB.

Interestingly, cells induced to differentiate via expression of
C/EBPa. or C/EBPB activated PPARY expression in a SWI/
SNF-dependent manner (Fig. 2B, left panel). This suggests
that during differentiation promoted by C/EBPa or C/EBPB,
induction of PPARy—one of the earliest steps in differentia-
tion—is dependent on the activity of BRG1 or BRM. This
explains the significant decrease in aP2 and adipsin expression
in these cells. However, the data presented here also indicate
that SWI/SNF enzymes play a broader role in adipogenesis
than just promoting induction of PPARYy, because when the
induction of PPARY is bypassed by providing PPARYy via ret-
roviral infection, expression of the downstream adipogenic
marker genes remained SWI/SNF dependent (Fig. 2, right
panels). Thus, the data indicate that SWI/SNF enzymes are
required for both early and late gene activation events during
adipocyte differentiation.

Kinetics of PPARy2 expression in differentiating cells. To
further analyze the molecular events controlling activation of
the adipogenic pathway, we initiated differentiation by infect-
ing cells with C/EBPaq, since we could observe that nearly 70%

of cells differentiated for 1 week would accumulate lipid drop-
lets (data not shown). RT-PCR analysis of PPARy2Z mRNA
levels in cells grown in the presence of tetracycline showed a
detectable accumulation on day 1 of differentiation, with ro-
bust levels present from days 2 to 7 (Fig. 4). Low levels of
PPARY? transcripts were observed in cells grown in the ab-
sence of tetracycline. We could not detect PPARy1 mRNA in
these cells. Western analyses confirmed that C/EBPa was
present at equivalent levels in each sample (Fig. 4). Analysis of
FLAG-tagged-protein levels indicated that expression of the
mutant BRG1 protein occurred in all samples grown in the
absence of tetracycline. Reprobing of this blot for total Brgl
levels revealed only a 1.5- to 2.0-fold increase in levels of Brgl
in the cells expressing the dominant-negative BRG1. This sug-
gests that the levels of mutant Brgl are only a fraction of the
total Brgl present in the cells, yet they still function as domi-
nant-negative proteins. Alternatively, expression of the Brgl
mutant reduces expression from the endogenous locus, per-
haps for the purpose of maintaining a specific overall level of
Brgl protein. In either case, the results indicate that high levels
of Brgl overexpression are not occurring in the differentiating
cells.
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FIG. 2. Expression of dominani-negative BRG] blocks the ability of PPARy2, C/EBPa, or C/EBPB to induce adipogenesis in fibroblast cells.
B22 cells were infected with retroviral vectors encoding PPARY2, C/EBPa, or C/EBPB, grown in the presence or absence of tetracycline, and
differentiated for 7 days in the presence or absence of differentiation cocktail. Samples in lanes marked Adipocyte were taken from 3T3-L1
preadipocytes differentiated for 7 days. (A) Northern blot showing levels of aP2 and adipsin mRNA. Ethidium bromide staining of rRNA is shown
as a control. (B) RT-PCR showing levels of PPARYy2 and C/EBPe mRNA. HPRT mRNA levels are shown as a control. (C) Western blot showing
levels of FLAG-tagged dominant-negative BRG1, C/EBPB, and PI3-kinase.

Histone hyperacetylation and binding of C/EBP factors to
the PPARy2 promoter are independent of Brgl-based SWI/
SNF activity. The mouse PPARY2 promoter has been defined
but not well characterized functionally. Of interest, however, is
the presence of multiple C/EBP binding sites in the promoter,
including two half-consensus sites around —325 relative to the
mRNA start site that contribute to activation of PPAR~y2 re-
porter genes (16). To temporally analyze factor interactions at
the endogenous PPARYy2 promoter, we performed ChIP ex-
periments and amplified either PPARy2 promoter sequences
or B-actin sequences as a control. Because we forced differen-
tiation by ectopically expressing C/EBPa before inducing dif-
ferentiation, we were not surprised to see interaction of
C/EBPa with the PPARYy2 promoter at the initiation of the
differentiation process and throughout the time course. This
observation likely reflects and explains the capacity of C/EBPa
to initiate the adipogenic gene expression program in nonadi-
pogenic cells. The presence of dominant-negative BRG1 had
no or little effect on C/EBPa interactions (Fig. SA). In differ-
entiating adipocytes, there is a temporal order to expression of
the C/EBP family members, where C/EBPB and C/EBPS are
rapidly induced and then are shut off over the first few days of
differentiation. Subsequently, C/EBPa is induced at about day
2 to 3 and is maintained during differentiation (reviewed in
reference 21). We therefore examined interactions of C/EBPR
and C/EBPS with the PPARy2 promoter. Somewhat surpris-
ingly, both C/EBPp and C/EBP3 showed a robust induction of
occupancy of the promoter at days 1 to 2 of differentiation,
despite the presence of ectopic C/EBP« and regardless of the
presence of dominant-negative BRG1 (Fig. 5A). Thus, there

appears to be a preference during the early stages of differen-
tiation for interaction with C/EBPB and C/EBPS. In addition,
binding of these factors does not require functional SWI/SNF
enzymes.’ o :

There are a multitude of histone modifications and other
ATP-dependent chromatin-remodeling activities that may me-
diate C/EBP factor binding in the presence of mutant SWI/
SNF enzymes. We examined diacetylation of histone H3 on
lysines 9 and 14 as well as tetra-acetylation of H4 (Fig. 5B).
Levels of tetra-acetylated H4 were high at the beginning-of the -
differentiation process and remained constant throughout. In
contrast, there was induction of diacetylated H3 at day 1,
concurrent with occupancy of the promoter by the C/EBPB
and C/EBPS factors. Acetylation of H3 and H4 was unaffected
by the presence of dominant-negative BRG1.

C/EBP factors initiate recruitment of SWI/SNF and Pol .
II-associated GTFs to the promoter. Previous work has dem-
onstrated that both C/EBPa and C/EBPR can physically inter-
act with the SWI/SNF component hBRM in cells overexpress-
ing both proteins (19, 32). Additionally, C/EBPw interacts with
the Pol Il-associated general transcription factors (GTFs)
TFIIB and TBP (29). These data have been used to argue that
the C/EBP factors can recruit SWI/SNF and GTFs to facilitate
transcription. ChIP experiments with the FLAG-tagged
ATPase-deficient BRG1 produced in B22 cells revealed that
the mutant ATPase, when expressed, was present on the
PPAR~Y2 promoter as early as day 0 and maximally from day 1
through day 7 of differentiation (Fig. 5C). Thus, the presence
of C/EBPa may be recruiting SWI/SNF to the promoter at or
before the onset of differentiation, possibly reflecting the abil-
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FIG. 3. PPARY2, C/EBPq, and C/EBP induce adipogenesis in Tet-VP16 control fibroblasts. Tet-VP16 cells were infected and mani.pu]ated
as described for Fig. 2. (A) Northern blot showing levels of-aP2 and adipsin mRNA. Ethidium bromide staining of TRNA is shown as a control.
5 (B) RT-PCR showing levels of PPARY2 and C/EBPa mRNA. HPRT miRNA is shown as a control. (C) Western blot showing levels of

’ FLAG-tagged dominant-negative BRG1, C/EBP, and PI3-kinase.

ity of these proteins to physically interact. ChIP analysis of
Brgl and the SWI/SNF component Inil revealed kinetics of
-promoter occupancy that were similar to cach other and to
FLAG-tagged mutant BRG1. Promoter occupancy in cells not
expressing the dominant-negative BRG1 (plus tetracycline)

day 2, which coincides with full induction of PPAR«Y2 tran-
scription (Fig. 4). The observed interaction of the mutant
BRG1 with the promoter on day 0 may be due to the modest
overexpression of total Brgl in the cells expressing mutant
BRG] (Fig. 4). ‘ , '
Analyses of phosphorylated RNA Pol II and its associated

{ differed in that interaction of SWI/SNF components peaked at

Days
Tetracyéling
PPARY2 mRRA

| PPARYt mRNA
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wm ""‘?" e " m | W sl s - m o] e el Pi3 kinase

FIG. 4. Expression levels of adipogenic regulators during differentiation of fibroblast cells along the adipogenic pathway. B22 cells were infected
with a retroviral vector encoding C/EBP«, grown in the presence or absence of tetracycline, and differentiated. Expression levels of adipogenic
regulators are given as a function of time of differentiation. PPARv2 and PPAR~v1 transcript levels were measured by RT-PCR. HPRT levels are
shown as a control. The lane marked C is a positive control from day 7 differentiated 3T3-L1 preadipocytes. C/EBPq, total Brgl, dominant-
negative, FLAG-tagged BRG1, and PI3-kinase levels were measured by Western blotting.
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FIG. 5. ChIP analysis of interactions on the PPAR~y2 promoter as
a function of time. of differentiation. B22 celis were infected with a
retroviral vector encoding C/EBPe, grown in the presence or absence
of tetracycline, and differentiated. One percent of input is shown for
each experiment. Portions of the PPARy2 promoter or the B-actin 5’
untranslated region and coding sequence were amplified from each
sample. (A) Levels of interactions with C/EBPq, -, and -8. (B) Levels
of interactions with tetra-acetylated H4 and K9-, K14-diacetylated H3.
(C) Levels of interactions with total Brgl, dominant-negative, FLAG-
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GTFs, TBP, TFIIB, and TFIIH, indicated that each of these
factors is. present on the PPARy2 promoter on day 0; and
occupancy in the presence of the dominant-negative SWI/SNF
complex is essentially unaffected on days 0 and 1 (Fig. SD).
Thus, SWI/SNF function is not required to assemble these
factors onto the promoter in the presence of ectopic C/EBPe.
However, the presence of the C/EBP factors, Brgl-based SWI/
SNF enzyme, and these GTFs on the promoter are not suffi-
cient to initiate transcription at day 0. Maximal induction of
PPAR+?2 transcription in the presence of functional SWI/SNF
enzymes occuts on day 2 (Fig. 4). In contrast, starting on day 2
and continuing throughout the rest of the time course, the
association of TBP, TFIIB, Pol II, and especially TFIIH is
compromised in cells expressing the dominant-negative BRG1
(Fig. 5D). Western blot analysis of thes¢ GTFs and Pol 11
shows that the levels of these factors are not altered by differ-
entiation or by expression of the dominant-negative BRG1
(data not shown). Thus, on or about day 2 of differentiation,
SWI/SNF function is necessary to maintain the PIC on the
PPAR~2 promoter and to promote transcription.

Examination of PPARy2 promoter accessibility and-activa-
tion in differentiating 3T3-L1 preadipocytes. Although forced
differentiation of fibroblasts has been utilized for many years as
a model system and has been essential in the identification and
characterization of adipogenic regulatory proteins, we were
concerned that the events leading to activation of the PPARY2
promoter under conditions where the C/EBPa activator was
prematurely expressed might not precisely reflect the events
that occurred during differentiation of a committed preadipo-
cyte cell. We therefore examined PPARY2 activation in differ-
entiating 3T3-L1 preadipocytes.

Initially, we examined changes in PPARY2 promoter struc-
ture as reflected by increases in nuclease accessibility. A sche- '
matic of the promoter is presented in Fig. 6A. Examination of
two Stul sites, an EcoNI site, and a Pstl site located between
—100 and —1000 on the PPARY2 promoter revealed a dra-
matic increase in accessibility in this region on-day 1 of the
differentiation process (Figs. 6B to D), reflecting changes in
promoter structure. A previous report (34) indicated that two
DNase 1 hypersensitive sites exist on the PPARy2 promoter in
undifferentiated 3T3-L1 cells (Fig. 6A). Our analysis indicated
these DNase I hypersensitive sites were difficult to detect in
undifferentiated, day 0 cells. However, by day 1, they were
clearly visible, indicating that that these hypersensitive sites are
induced by differentiation (Fig. 6E). Together, the results
clearly demonstrate a change in PPARy2 promoter stracture
on day 1 of 3T3-L1 differentiation, prior to induction of .
PPAR~Y?2 gene expression.

Northern analysis of PPARy transcript levels revealed a
robust induction of expression on day 2 of 3T3-L1 preadipo-
cyte differentiation (Fig. 7A), in agreement with prior studies

tagged BRG1, and Inil. (D) Levels of interactions with TBP, TFIIB,
TFIIH p89, and Pol 11 phosphorylated on Ser-5 of the CTD. Inset:
linearity controls for PCR amplifications. Each ChIP was repeated in
two to five independent experiments. The data shown in parts A, B,
and C derive from a single differentiation experiment. ChIPs in part D
derive from a different differentiation experiment.
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(45). Thus, induction of the PPARy2 is temporally distinct

from changes in promoter accessibility. _ o

Binding of C/EBP factors, hyperacetylated histones, Pol 11,
and most GTFs precedes the onset of PPARY2 induction. ChIP
experiments to identify interactions of the C/EBP family of
factors with the PPARy2 promoter showed an induction of
C/EBPPB and C/EBPS binding on days 1 and 2 of differentia-
tion, respectively (Fig. 7B), largely consistent with the expres-
sion patterns of these C/EBPs in differentiating 3T3-L1 cells
and with the ChIP results from the forced fibroblast system
(Fig. 5A). Thus, interaction of C/EBP correlated temporally
with changes in nuclease accessibility on the promoter. Over
days 2 and 3, C/EBPB and -5 disappeared from the promoter,
concurrent with the appearance of C/EBPa (Fig. 7B). Thus, in
differentiating 3T3-L1 cells, the C/EBP binding sites in the
PPARY2 promoter undergo a transition of factor occupancy
from C/EBPB to C/EBPa.

As in the C/EBPa forced fibroblast differentiation experi-
ments, ChIP analysis of tetra-acetylated H4 indicated that lev-

0 1 2 3 4 5§ 6 day

3.9kb
2.2kb

EcoN f{Acc 1)

(r2)
0 1 2. day
1 2 41 2 4 1 2 4 units
! 2.2kb
1.4kb
0.7kb

DNase ! (Xba 1)
(pY)

FIG. 6. Changes in PPARy2 promoter accessibility occur on day 1 of differentiation. 3T3-L1 preadipocytes were induced to differentiate, and
nuclei were harvested at the indicated times for nuclease accessibility experiments. (A) Schematic of the PPAR+~?2 promoter. The locations of
relevant restriction enzyme sites are indicated, as-are the previously reported DNase 1 hypersensitive sites (HS1 and HS2) (34). Black squares
represent potential C/EBP binding sites. Black bars P1 and P2 indicate the fragments used as Southern blot probes. (B to D) Restriction enzyme
accessibility of EcoNI, Stul, and Pstl. The enzymes used for flanking digests are indicated in parentheses. (E) Accessibility of DNase 1.

els were high prior to differentiation (Fig. 7C). In contrast to
the forced fibroblasts, levels of diacetylated H3 were present
on the PPAR~2 promoter at day 0 but increased on day 3 (Fig.
7C). This increase clearly occurred after the onset of PPAR~2
expression but correlated with the transition from binding of
C/EBPB and -8 to C/EBP«. Whether the change in diacety-
lated H3 levels is a cause or effect of the transition to C/EBPa
binding has not been determined. Diacetylated H3 was also
present at relatively .high levels on the control B-actin se-
quences.

Examination of phosphorylated Pol I and associated GTFs
by ChIP showed that Pol II, TBP, and TFIIB became associ-
ated with the promoter on day 1 of differentiation, prior to
expression of PPAR~y2 (Fig. 7D). Collectively, these data agree
with the results obtained with the fibroblast differentiation
model and indicate that much of the transcriptional machinery
is present on the promoter prior to the onset of gene activa-
tion. :
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FIG. 7. (A) PPARY expression levels in differentiating 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were induced to differentiate. PPARy.
expression levels were analyzed by Northern blotting. Ethidium bromide-stained 288 and 185 rRNA is shown as a control. (B to E) ChIP analysis
of interactions-on the PPARy2 promoter as a function of time of differentiation of 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were induced to
" differentiate and processed for ChIP assays at the indicated times. Portions of the PPAR~?2 promoter or the B-actin gene were amplified from each
sample. (B) Levels of interactions with C/EBPa, -B, and -8. (C) Levels of interactions with tetra-acetylated H4 and K9-, K14-diacetylated H3.
(D) Levels of interactions with TBP, TFIIB, TFIIH p89, and Pol I phosphorylated on Ser-5 of the CTD. (E) Levels of interactions with Brg1, Brm,
and Inil. Inset: linearity controls for PCR amplifications. Each ChIP was repeated in three to five independent experiments. The data shown in
parts B, C, and E derive from a single differentiation experiment. ChIPs in part D derive from a diflerent differentiation experiment.

PPAR~2 expression is coincident with the binding of TFIIH
and SWI/SNF components to the promoter. In contrast to the
other factors examined, the increase in association of TFIIH
did not occur until day 2 of 3T3-L1 differentiation (Fig. 7D).
Similarly, association of the SWI/SNF components Brgl, Brm,
and Inil occurred on day 2 (Fig. 7E), coincident with the onset
of PPAR~2 transcription. Unlike the case with Pol 1 and all of
the GTFs examined, the interaction of SWI/SNF subunits was

transient, with only background levels present on the promoter
after day 4. The Inil subunit is common to all SWI/SNF en-
zymes examined, but the Brgl and Brm ATPases form distinct
SWI/SNF enzymes, indicating that at least two distinct Torms of
the enzyme are present at the PPARy2 promoter at the onset
of transcription. The data indicate that histone hyperacetyla-
tion, changes in promoter structure, C/EBP activator binding,
and association of phosphorylated Pol II'and multiple GTFs
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FIG. 8. The rate of PPARYy transcription decreases after day 4 of
3T3-L1 differentiation. Nuclear run-on assays were performed on nu-
clei isolated from. differentiating 3T3-L1 cells on the days indicated.
Run-on transcripts were hybridized to 3T3-L1 genomic DNA, linear-
ized pBABE vector, linearized pBABE containing the - PPARY2
¢DNA, or PCR products corresponding to Id1 or Hprt cDNAs.

with the PPARy2 promoter occur over the first 24 h of adipo-
cyte differentiation but that these events are not sufficient to
initiate transcription. PPARY2 expression is facilitated by as-
sociation of TFIIH and SWI/SNF enzymes.on day 2 of differ-
entiation. '

A decrease in the rate of PPARy transcription correlates
with the dissociation of SWI/SNF enzyme components from
the PPARYy2 promoter. The ChIP experiments shown in Fig.
7E clearly demonstrate that SWI/SNF components were no
longer stably associated with the PPARy2 promoter after day
4 of differentiation, even though the GTFs and C/EBPa re-
mained. Analysis of stable mRNA levels indicated that PPARYy
mRNA was abundant on days 5 to 7 (Fig. 7A). Two possible

- explanations for these data exist. The promoter may achieve a

stable structure that is permissive for continued transcription
in the absence of SWI/SNF, or the transcription of PPARY2
decreases or stops after day 4 and the PPARy message ob-
served on days 5 to 7 represents stable mRNAs produced on
day 4 or earlier. :

To distinguish between these possibilities, we performed a
time course of nuclear run-on experiments. Linearized plasmid
DNA containing the PPARy2 cDNA or empty vector was
immobilized on membranes and hybridized to radiolabeled
run-on transcripts produced by nuclei isolated from differen-
tiating 3T3-L1 cells on the days indicated. The data demon-
strated induction of PPAR«y transcription on day 2, continued
transcription on day 4, but little transcription on days 5 to 7
(Fig. 8). Thus, the rate of PPARy transcription decreased
between days 4 and 5 and correlated with the loss of SWI/SNF
enzyme components on the PPARy2 promoter (Fig. 7E). In
contrast, the rate of Id1 transcription decreased as a function
of differentiation (Fig. 8), in agreement with previously pub-
lished results from the differentiation of human preadipocyte
cells (26). We utilized nonspecific hybridization to plasmid
sequences and hybridization to 3T3-L1 genomic DNA as con-
trols, as has been described (10, 24, 41, 47), since we were
unable to identify other genes that gave a constant rate of
transcription over the differentiation time course. The rates for
Hprt, 36B4, and Gapdh all decreased over the 7-day time
course (Fig. 8 and data not shown).

We note that the immobilized template contained the entire
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PPAR~Y2 cDNA; thus, PPARy] transcription would also have
been detected. We were unable to detect run-on signal when
only the short, 121-bp portion of the cDNA unique to PPARy2
(52) was used for the hybridizations (data not shown). How-
ever, PPARy mRNA at day 5 of 3T3-L1 differentiation and

_beyond is predominantly expressed from the PPARy2 pro-

moter (38, 44). Thus, the data most likely reflect a decrease in
the rate of PPARY2 or .in the rates of both PPARy2 and
PPARYy]1 transcription.

DISCUSSION

PPARy is involved in adipocyte differentiation, insulin sen-
sitivity and diabetes, atherosclerosis, and the control of cell
proliferation in some cancer cells (reviewed in references 5 and
37). Consequently, its function has been the subject of intense
investigation. Relatively little, however, is known about the
mechanisms controlling its expression. Here we utilized two
different cellular models for. adipocyte differentiation to tem-
porally describe the molecular interactions that occur at the
promoter of the inducible PPAR~2 gene during adipocyte dif-
ferentiation, with particular emphasis on the requirement for
SWI/SNF chromatin-remodeling enzymes. Through use of a
differentiation system driven by introduction of the adipogenic
regulator, C/EBPa, we demonstrate a requirement for SWI/
SNF enzymes in the activation of the PPARY regulator as well
as in the activation of adipogenic marker genes expressed later
during differentiation. Moreover, these experiments revealed
that this requirement for SWI/SNF enzymes was relatively late
in the cascade of events leading to PPAR~2 activation. Acti-
vator binding, Pol II and associated GTF interactions at the
promoter, and histone H3 and H4 acetylation occurred prior to
and independently of SWI/SNF _function. Instead, the data
revealed a role for SWI/SNF enzymes in the function of the
PIC components at the promoter at the time of transcriptional -
activation. - ' :

Because of the inherent differences between forcing differ-
entiation of fibroblasts into the adipocyte lineage and genuine
preadipocyte differentiation, we analyzed differentiation of
3T3-L1 preadipocytes and confirmed both the general order of
events that occur during PPARY2 activation and a role for
SWI/SNF enzymes in facilitating PIC function. We expect that
the differences exhibited by the two systems reflect the ability
of the C/EBPa activator to recruit GTFs and SWI/SNF en-
zymes (32) prematurely at the initiation of the forced differ-
entiation program. Despite the differences, it is important to
note that the data from both systems are consistent with a need
for SWI/SNF enzymes to promote the function of the PIC.

The order of events occurring in differentiating 3T3-L1 cells
is diagrammed schematically in Fig. 9. Acetylation of H4 oc-
curs before the onset of differentiation, followed by concurrent
changes in promoter accessibility, binding of the C/EBP and
-§-activators, and assembly of Pol 11 and most of the GTFs on
day 1 of differentiation. Subsequently, on day 2, SWI/SNF
enzymes and TFIIH associate with the promoter, indicating
that the SWI/SNF enzymes likely facilitate completion of the
preinitiation complex, thereby permitting PPAR~Y2 transcrip-
tion to commence. On day 3, there is both an increase in the
levels of H3 acetylation and a transition from binding of
C/EBPB and -8 to binding of C/EBPa. Which event, if either,
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FIG. 9. Schematic model of the temporal changes in factor interactions at the PPARy2 promoter during 3T3-L1 preadipocyte differentiation.

Nucleosome positions are presented for illustrative purposes only.

is causal remains to be determined. Following day 4, the SWI/
SNF enzymes disappear from the promoter and the rate of
PPARYy transcription drops, indicating that the presence of
SWI/SNF is required for continued transcription.

The data from differentiating 3T3-L1 preadipocytes indicate
that both BRG1 and BRM are present on the PPARy2 pro-
moter, suggesting that both complexes are conttibuting to
function. Alternatively, the two complexes could be redundant
in function, and the presence of either SWI/SNF enzyme might
be sufficient. Our studies using cell lines that inducibly express
dominant-negative BRG1 or BRM also suggest that both
ATPases are required for PPARy2 activation and adipocyte
differentiation. However, because the BRG1 and BRM SWI/
SNF complexes share multiple subunits, it is possible that ex-
pression of one mutant ATPase deleteriously affects both com-
plexes by sequestering subunits from the other, endogenous
ATPase. Thus, we cannot rigorously state at present whether
BRG], BRM, or both are required for PPAR~2 activation and
adipocyte differentiation.

One of the interesting results from our studies is the dem-
onstration that the C/EBP binding sites undergo a transition
during the time course of differentiation from binding C/EBPB
and -5 to binding C/EBPa. Although the kinetics of expression
for these factors has long supported this idea, this is the first
documentation that such a transition occurs at a promoter

expressed during adipogenesis. These results differ from pre-
viously published work that showed that C/EBPa and -8, but
not C/EBPB, could bind to the C/EBP sites in the PPARy2
promoter in a gel shift study and could activate a transiently
transfected PPARY2 reporter plasmid (16). The differences
between the studies may be attributed to the likelihood that
the chromatin structure at the genomic locus differs from that
on a transfected template and undergoes changes during the
differentiation process that affect factor interactions.

Previous reports documenting the potential of C/EBPo and
- to physically interact with BRM in cells transfected with
both the C/EBP isoform and BRM suggested that these factors
may recruit SWI/SNF enzymes (19, 32). Our temporal analysis
of factor interactions on the PPARy2 promoter during
C/EBPa-driven differentiation strongly suggests that targeting
of SWI/SNF by C/EBPu« can occur. However, C/EBPa is pre-
maturely present on the promoter in this differentiation sys-
tem; the temporal differences in the appearance of the differ-
ent C/EBP factors on the PPARy2 promoter in the
differentiating 3T3-L1 adipocytes suggest that in a more natu-
ral differentiation context, C/EBPB and -3 may target SWI/
SNF enzymes, which then later recruit C/EBPo.

Changes in nuclease accessibility and the binding of C/EBP
factors, Pol II, and many of the GTFs on day 1 prior to the
appearance of SWI/SNF enzymes on the PPARy2 promoter
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indicate that other factors must control the initial accessibility
of these promoter sequences. Changes in H4 acetylation did
not correlate with initial factor binding to the promoter.
Changes in other histone modifications at the PPARy2 pro-
moter have not been tested but potentially could mediate fac-
tor accessibility. Alternatively, a different ATP-dependent re-
modeling enzyme(s) could alter chromatin structure and
promote activator binding prior to SWI/SNF function. This
hypothesis is supported by in vitro studies showing that ISWI
containing chromatin-remodeling enzymes facilitated stable
interaction of RAR«:RXR on chromatin templates prior to
SWI/SNF enzyme-mediated stimulation of transcription (15).
Finally, transcriptional regulators present on.the promoter
prior to differentiation, such as GATA-2 and -3 (43) and KLF2
(4), might influence chromatin structure in a manner that pro-
motes the transition to an actively transcribing gene.

Our analysis of GTF interactions on the PPARY2 promoter
also revealed that serine 5-phosphorylated Pol 1I is present at
the promoter before TFIIH. TFIIH contains a kinase activity
that is capable of phosphorylating the Pol II CTD; however,
the temporal order of factor appearance at the PPARY2 pro-
moter suggests that either a different kinase is responsible for
the CTD phosphorylation or TFITH mediates CTD phosphor-
ylation independently of promoter binding. Additionally, the

presence of Pol 11 phosphorylated at serine 5 of the CTD raises
the possibility that the polymerase may be transcriptionally -
“engaged at day 1 and that the inclusion of SWI/SNF enzymes

and TFIIH on. day 2 promotes release of -the polymerase
and/or elongation. Multiple other genes are regulated at the
level of transcriptional elongation, including Asp70, where
elongation can be stimulated by SWI/SNF enzymes in vitro and
in vivo (6, 9). '

The concurrent entry of SWI/SNF enzymes and TFIIH onto
the PPARy2 promoter in differentiating 3T3-L1 cells suggests
that SWI/SNF facilitates the interaction of TFIIH with the rest
of the preinitiation complex. Such a role for SWI/SNF enzymes
has not previously been documented. However, the data pre-
sented here agree with and extend findings from temporal
analyses of other mammalian promoters that show the follow-
ing: (i) some form of histone hyperacetylation precedes asso-
ciation of SWI/SNF with the promoter, and (i) SWI/SNF en-
zymes work late in the activation of many genes; typically after

some, if not most, of the components driving transcription have -

associated with the promoter (1, 23, 25, 40). Thus, the data we
present on PPARY2 activation during adipocyte differentiation
support a general model where SWI/SNF enzymes function
subsequent to activator binding by completing or stabilizing
preinitiation complex formation and/or by promoting pro-
moter clearance and elongation.
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Abstract

The CCAAT/enhancer-binding protein (C/EBP) family of transcriptional regulators is critically important for the
activation of adipogenic genes during differentiation. The C/EBPP and § isoforms are rapidly induced upon adipocyte
differentiation and are responsible for activating the adipogenic regulators C/EBPa and peroxisome proliferator
activated receptor (PPAR)y2, which together activate. the majority of genes expressed in differentiating adipocytes.
However, mitosis is required following the induction of adipogenesis, and the activation of C/EBPa and PPARY2 gene
expression is delayed until cell division is underway. Previous studies have used electromobility shift assays to suggest
that this delay is due, at least in part, to a delay between the induction of C/EBP protein levels and the acquisition of
DNA binding capacity by C/EBPB. Here we used in vivo chromatin immunoprecipitation analysis. of the C/EBPa,
PPARY2, resistin, adiponectin, and leptin promoters to examine the kinetics of C/EBP protein binding to adipogenic
genes in differentiating cells. In contrast to prior studies, we determined that C/EBPp and § were bound to endogenous
regulatory sequences controlling the expression of these genes within 1—4 h of adipogenic induction. These results
indicated that C/EBPP and & bind not only to genes that are induced early in the adipogenic process but also to genes
that are induced much later during differentiation, without a delay between induction of C/EBP protein levels and DNA
binding by these proteins. We also showed that each of the genes examined undergoes a transition in vivo from early
occupancy by C/EBPB and & to occupancy by C/EBPa at times that correlate with the induction of C/EBPa protein
levels, demonstrating the generality of the transition during adipogenesis and indicating that the binding of specific
C/EBP isoforms does not correlate with timing of expression from each gene. We have concluded that C/EBP family

members bind to adipogenic genes in vivo in a manner that follows the induction of C/EBP protein synthesis.

Journal of Molecular Endocrinology (2006) 36, 139-151

Introduction

The major transcription factor families involved as key
regulators of adipoeyte differentiation include  the
nuclear hormone receptor peroxisome proliferator
activated receptor (PPAR)y and the CCAAT/enhancer-
binding proteins (C/EBPs) (Darlington ef al. 1998, Fajas
et al. 1998, Lane e al. 1999, Morrison & Farmer 2000,
Rangwala & Lazar 2000, Rosen ef al. 2000, Camp et al.
2002, MacDougald & Mandrup 2002). The C/EBP
family members belong to the basic leucine - zipper
(bZIP) class of transcription factors, and bind to specific
DNA sequences as dimers with other G/EBPs (reviewed
by Lekstrom-Himes & Xanthopoulos 1998, Ramji &
Foka 2002). When adipocyte differentiation is induced in
preadipocyte cell lines, C/EBPB and 8 are rapidly and
transiently induced (Cao et al. 1991, Yeh et al. 1995).
These regulators act synergistically to modulate the
expression of C/EBPa and PPARY2 via interaction with
the C/EBP regulatory elements present-in the proximal
promoters of these genes (Christy et al. 1991, Zhu et al.
1995, Clarke et al. 1997, Tang et al. 1999). Subsequently,
C/EBPa and PPARY?2 play a prominent role regulating

Journal of Molecular Endocrinology (2006) 36, 139-151
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the expression of adipocyte genes necessary for the

“development of functional, mature adipocytes (Lin &

Lane 1994, Tontonoz et al. 1994, Fajas ¢t al. 1998, Wu
et al. 1999, Rosen et al. 2000).

The essential role of the C/EBP proteins in adipocyte
differentiation has been established. Ectopic expression
of C/EBPP or C/EBPa is able to force non-adipogenic
cell lines to differentiate into adipocytes (Freytag et al.
1994, Wu et al. 1995, Yeh et al. 1995). In contrast,
expression of antisense C/EBPa RNA in preadipocyte
cell lines prevents the differentiation program (Lin &
Lane 1992). Additionally, analysis of promoter regions of
adipogenic genes as well as studies of knockout mice
have demonstrated the involvement of this family of
transcription factors in regulating adipogenesis and
other important physiological processes (reviewed by
Cornelius ¢ al. 1994, MacDougald & Lane 1995,
Tanaka et al. 1997, Darlington et al. 1998, Gregoire ef al.
1998, Lane et al. 1999, Rangwala & Lazar 2000, Ramji
& Foka 2002).

Most regulatory sequences controlling the expression
of adipocyte-specific genes contain at least one func-
tional C/EBP binding site, from which transactivation
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is mediated by members of the C/EBP family (reviewed
by Hwang et al. 1997, Gregoire et al. 1998, Cowherd

ot al. 1999, Morrison & Farmer 2000, Rangwala &

Lazar 2000). Work on the PPARy2 and C/EBPa
promoters has focused on the role of C/EBPB and
8 as primary inducers of the expression of key

regulators. PPARY2 and C/EBPa. are expressed by day .

2 of the differentiation process, following one or two
rounds of mitotic clonal expansion. The induction of
C/EBPP and 8 protein levels, however, occurs almost
immediately after addition of differentiation inducers at
the onset of differentiation (Cao et al. 1991, Yeh et al.
1995, Darlington et al. 1998, Tang & Lane 1999). Thus,
even though both C/EBPB and & are expressed at high

levels at the beginning of the differentiation program, -

the target genes C/EBPo and PPARYy2 are not
expressed until nearly 2 days later (Lane et al. 1999,

‘Rosen ¢t al. 2000). Previous work using electrophoretic

mobility shift assay (EMSA) analysis (Tang & Lane
1999) dgtermined that the lag m C/EBPa. expression is
due to a delay in acquisition of C/EBPB and & DNA
binding activity, therefore pausing the transcriptional
activation of the gene. The need for such a delay fits well
with the numerous observations that C/EBPa is
anti-mitotic in both preadipocytes as well other cell types
(Umek et al. 1991, Lin et al. 1993, Timchenko et al. 1996,
Wang et al. 2001). ' ,

The transcriptional activity of the C/EBPp protein is
regulated at several levels, including transcription,
translation, association with other proteins, and post-
translational modification, which includes the regulation
of the phosphorylated state by multiple effectors.
Multiple phosphorylation sites have been characterized
on C/EBPB, some of which result in attenuation or
enhancement of DNA binding and transactivation
activity (Mahoney et al. 1992, Trautwein e al. 1993,
1994, Park et al. 20044, Tang et al. 2005 and references
therein). At least some of these phosphorylation events
occur almost simultaneously with induction of C/EBPJ
levels, and it has been suggested that phosphoryla-
tion causes a conformational change in C/EBPP that
transforms it from a repressor to an activator
(Kowenz-Leutz e al. 1994).

We previously examined the temporal interactions of
C/EBP family members, modified histones, and subunits
of the SWI/SNF family of ATP-dependent chromatin
remodeling enzymes at the PPARY2 promoter as a
function of adipocyte differentiation (Salma et al. 2004).
In that study, we used chromatin immunoprecipitation
(ChIP) assays to determine that C/EBPf was bound at
the PPARY2 promoter at 24 and 48 h following the
initiation of the differentiation program in both
differentiating 3T3-L1 cells and in fibroblasts forced to
differentiation into adipocytes by ectopic expression of
C/EBPa (Salma et al. 2004). Continuation of these ChIP
studies at earlier time-points revealed that the C/EBPB

Journal of Molecular Endocrinology (2006) 36, 138-151

and J isoforms were found on the regulatory regions of
numerous adipocyte-specific genes ' in differentiating
3T3-L1 cells within a few hours of the onset of
differentiation. These genes included PPARY2,
C/EBPa, and several genes expressed later in the
differentiation process. Thus the binding of C/EBPf
and & to adipogenic genes in cells correlates with the
kinetics of C/EBPB and 8 expression. In addition,
binding of C/EBPP and 8 was replaced at each of the
loci by the binding of C/EBPu. C/EBPa binding was
noted on each promoter between 20 and 48h
post-differentiation, indicating that it was associating
with promoters as soon’ as it was expressed and that
binding did not strictly correlate with the time at which
the locus became transcriptionally active. We have
concluded that the binding of C/EBP transcription
factors to regulatory. sequences controlling the expres-
sion of adipogenic genes in ziwo occurs rapidly and
without significant delay following the induction of each
isoform during adipogenic differentiation.

Materials and methods

Cell lines and differentiation methods

3T3-L1 preadipocytes  were purchased from the
American Type Culture Collection- (Manassas, VA,
USA), maintained in growth medium consisting of
Dulbecco’s minimum essential medium containing 10%
calf serum, and induced to differentiate as described
previously (Wu ¢t al. 1995). Cells were collected at 0, 1,-
2,4, 8,12, 16, 20, and 24 h and then at 24-h intervals
for 7 days after addition of differentiation cocktail
(Salma et al. 2004) for western blot, RT-PCR, and ChIP
analysis. In experiments where 3T3-L1 cells over-
expressed C/EBPP, cells were infected with pBABE
retrovirus containing C/EBPP or empty vector as
described previously (T'ontonoz et al. 1994, Salma ef al.
2004). The generation of the retrovirus has been
described previously (Pear ef al. 1993, Salma et al. 2004).
Samples were collected at 0, 4, 24, 48, and 168 h in the
presence or absence of differentiation cocktail for

western blots, RT-PCR, and ChIP analysis.

EMSAs

Nuclear extracts isolated from 37T3-L1 cells differen-
tiated in the presence or absence of cocktail were
prepared as described (Hasegawa et al. 1997). The
binding reaction contained 6 ug nuclear extract and
5fmol  32P-labeled  double-stranded  oligonucleotide
probe corresponding to the region from —343 to —306 bp
from the mRNA start site in- the mouse PPARY2
promoter. This region contains a functional G/EBP
binding site (Zhu e al. 1995, Clarke ¢/ al. 1997). Binding
reactions contained 10 mM Tris-HCI (pH 7-5), 5%

www.endocrinology-journals.org
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glycerol, 50 mM NaCl, 0-5mM dithiothreitol, 1mM
MgCl,, and 0-5mg/ml Poly (dI-dC) in a volume of
10 pl. Reactions were incubated for 30 min at room
temperature and separated electrophoretlcally on 4%
non-denaturing . polyacrylamide ‘gels  made with
0-5 X Tris—borate-EDTA buffer. Some reactions were
preincubated for 10 min with 1 pl IgG or anti-C/EBP
antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA; sc-7962) prior to addition of the labeled
oligonucleotides. The sequence of the oligonucleotide
probe was: 5 —TAAAAAGCAATCAATATTGAACAA
TCTCTGCTCTGGTAA-3'".

RNA analysis

RNA isolation and analysis by northern blotting have
been described previously (de la Serna et al. 20013).
Probes were derived from plasmids containing PPARy
(provided by B Spiegelman, Dana Farber Cancer
Institute, Boston, MA, USA) and the ribosomal
phosphoprotein  36B4  (obtained by RT-PCR) and
labeled by random priming. Washed blots were exposed
to a Phosphorlmager (GE Healthcarem Chalfont St.
Giles, UK). For RT-PCR; total RNA (3 pg) was reverse
transcribed with- Moloney murine leukemia virus R'T
(Invitrogen). <DNA  was ampliﬁed by PCR with
QIAGEN HotStart Taq master mix in the presence of

2 uCi [03?P]dATP. The sequences of the primers were
as follows: 5'-CCG GCC GCC TTG AAC GAC-3" and

5-CTC CTC GCG GGG CTC TTG TTT-3" for
C/EBPa (288 bp product); 5-GAA CTG AGT TGT
GTC CTG CT-3" and 5'-TGC ACA CTG GCA GTG
ACA-3' for resistin (340 bp product); 5-GAT CAA
TGA CAT TTC ACA CA-3" and 5'-GGA CGC CAT
CCA GGC TCT CT-3' for leptin- (281 bp product);
5-CAG TGG ATC TGA CGA CAC CA-3’ and
5-CGA ATG GGT ACA TTG GGA AC-3' for
adiponectin (433 bp product); and 5-CTC CAA GCA
GAT GCA GCA GA-3' and 5-TCA ATG GTG CCT

CTG GAG AT-3' for the ribosomal phosphoprotein

3684 (351 bp). The PCR conditions for leptin and 3684
were: 95 °C for 15 min, followed by 24 cycles of: 95 °C
for 30 s; 62 °C for 40 s; 72 °C for 30 s, and a final round
of extension for 5 min. The PCR conditions for
adiponectin were the same, except that the number of
cycles was 20. For resistin, the conditions were- the same
as for leptin except that the annealing temperature was
58 °C. For C/EBPa, the PCR conditions were: 95 °C for
15 min, followed by 25 cycles of: 95 °C for 50 s; 66 °C
for 55 s; 72 °C for 50 s, and a final round of extension
for 5 min.

Protein extracts and Western analysis

Isolation of protein and western blotting have been

described (de la Serna et al. 2001a). Antibodies utilized

www.endocrinology-journals.org

included the following from Santa Cruz -Biotechnology:

C/EBPa. (sc-61), C/EBPP (sc-7962), C/EBPS (sc-151),

and cyclin A (sc-596). Phosphatidylinositol 3-kinase
(PI-3K) antibody (06-496) was obtained from Upstate
(Charlottesvﬂle VA, USA).

ChiP

The ChIP procedure was adopted from the Upstate
protocol and was performed as described by Salma et al.
(2004). One-tenth of the immunoprecipitated DNA and
1% of the input DNA' were analyzed by PCR.
Antibodies used included Santa Cruz antibodies:
C/EBPo. (sc-61), C/EBPP (sc-7962), and C/EBPd
(sc-151). PCRs were performed with QIAGEN Hot
Start Taq master mix in the presence of 2pCi
[a-32P]dATP under the following conditions: a pre-
heating at 94 °C for 15 min, followed by 24-30 cycles of
94 °C for 30 s, 62 °C for 40 s (except for PPARY2 which
was 49-5°C), 72°C for 30 s, followed by a 72°C
extension for 5 min. PCR products were resolved in
6-8%  polyacrylamide—1 X Tris-borate-EDTA  gels,
dried, and exposed to a Phosphorlmager. Primers used
were the following: B-actin, 5'(+31) GCTTCTTTGCA
GCTCCTTCGTTG-3" and 5 (+135) TTTGCACAT
GCCGGAGCCGTTGT-3" (Rayman e al.  2002);
PPARY2 promoter, 5 (—413) TACGTTTATCGGT
GTTTCAT-3' and 5 (—247) TCTCGCCAGTGA
CCC-3'; upstream region of the PPARY2 promoter, 5’
(— 1871) GGGCGTTAAAACACAATCCT-3" and 5’
(— 1707) TCTCTTCCTCCTTCCCTTCG-3"; G/EBPo
promoter, 5 (—315) TGACTTAGAGGCTTAAA
GGA-3' and 5’ (—32) CGGGGACCGCTTTTATAG
AG-3'; resistin promoter, 5 (— 177) CACCATGGTC
CCTGGTGTTA-3' and 5’ (+26) CTCAGTTCTGGG
TATTAGCTC-3'; adiponectin promoter, 5 (— 272)
ATTGTCCTTACCCTTGCCCC-3" and 5" (—15)
and leptin promoter, 5" (— 323) GCCTTCTGTAGCG
TCTTGCT-3' and 5 (' —22) GCTCCATGCCCTG
CCTGC-3". Representative experiments from at least
three independent experiments are shown.

Results

In vitro binding of C/EBPp at a C/EBP site in the
PPARYy2 promoter occurs as early as 3 h
post-di_fferentiation

While investigating the role of C/EBP isoforms in the
activation of adipogenic genes, we examined @ o
binding of C/EBPP at a C/EBP regulatory element
present in the PPARY2 promoter by EMSA during a
short time-course of 3T3-L1 preadipocytes induced to
differentiate into adipocytes. We found that C/EBPB
present in nuclear extracts prepared from cells
differentiated for 3, 18, and 24 h was able to bind.to a

Journal of Molecular Endocrinology (2008) 36, 139-151
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Figure 1 In vitro binding of C/EBPB to a C/EBP site in the
PPARy2 promoter occurs as early as 3 h following the
induction of 3T3-L1 adipocyte differentiation. EMSA was
performed using nuclear extracts prepared from preadipocytes
(day 0) or from differentiating preadipocytes at 1, 3, 18, and
24 h after the addition of the differentiation cocktail (lanes 1-5).
The double-stranded, 32P end-labeled oligonucleotide probe
encoded the C/EBP binding site between —343 and -306
relative to the start site of PPARy2 transcription. Supershift
experiments were performed by adding purified IgG from
pre-immune serum (iane 6) or antibodies against C/EBPp
(lane 7). ) '

C/EBP site in the PPARY2 promoter (Fig. 1, lanes 3-5).
Confirmation that the shifted band in the EMSA was
C/EBPP was demonstrated by the appearance of a
supershifted band upon addition of C/EBPP antibody to
the reaction while addition of purified IgG had no effect
(Fig. 1, lanes 6 and 7). The results revealed that the
C/EBPP regulator has the capacity to bind to DNA as
carly as 3 h following the induction of differentiation. In
addition, we observed that the apparent level of
C/EBPP binding under the reaction conditions used did
not increase between 3 and 24 h post-differentiation
(Fig. 1, lanes 3-5).

These results diverged somewhat from data published
previously where the wn vitro binding activity of G/ EBPB
was delayed until 12-16 h following the stimulation of
adipogenic differentiation (Tang & Lane 1999). We note
that the previous report demonstrated that C/EBPP
binding could be observed at 4 h post-differentiation but
that binding was significantly induced at the 12-16h
time-points. This dissimilarity in results is possibly due to
differences in reaction conditions, or perhaps to the use
of different oligonucleotide probes. In the previous study
(Tang & Lane 1999), EMSA was performed using a
C/EBP site from the C/EBPa promoter, while our

Journal of Molecular Endocrinology (2006) 36, 139-151

experiment utilized a probe that contained a C/EBP
binding site from the PPARY2 promoter. Nevertheless,
the results presented in Fig. 1 raised a question about the
timing of C/EBPB binding to adipogenic regulatory
sequences. To better address this issue, we decided to
perform ChlP experiments at different times following
the induction of adipocyte differentiation in 3T3-L1 cells
in order to examine the binding of C/EBP isoforms
in vio. :

Kinetics of C/EBP expression_ in differentiating
3T3-L1

Since the EMSA data presented in -Fig. 1 indicated a
potential difference from previously published studies,
we first performed a series of control experiments to
analyze the expression levels of C/EBPB, 6, and a
during adipocyte differentiation of 3T3-Ll cells by
western blot in order to eliminate the possibility that our
results' might be due to differences in the experimental
handling of the differentiating 3T3-L1 cells. It has been
well established that initiating differentiation of 3T3-L1
preadipocytes activates a cascade of gene expression

- events. Among the initial events are the rapid induction

of C/EBPP and 8, which are stimulated by components
of the differentiation cocktail, followed by the induc-
tion of C/EBPo. on the second day of differentiation
(Yeh et al. 1995, Wu et al. 1996). Western blot analyses
corroborated that induced protein levels of C/EBPB and
& were detectable at 1 h, reached a maximum at 4 h,
and were declining at 48 and 120 h respectively (Fig. 2).
Expression of C/EBPo occurred later; significant
induction began at about 48 h post-differentiation and
expression was maintained throughout the time-course
(Fig. 2).

“To corroborate  that the cells began the mitotic
expansion phase, we performed a western blot with
antibodies directed to cyclin A (Fig. 2). As was expected,
cyclin® A levels were increased between 16-24h
“post-differentiation, indicating that the cells had entered
the cell cycle prior to 16h and had exited by
approximately 48 h. All of the data presented in Fig. 2
indicate that the differentiation of the 3T3-L1 cells
occurred as expected and confirm previously published
results (Morrison & Farmer 1999, Tang et al. 20034,0).”
Thus we have demonstrated the integrity of the 3T3-L1
cells and the differentiation protocol used for this and
subsequent experiments.

In vivo recruitment of C/EBP}, 5, and o to the
PPARYy2 and C/EBPo promoters during adipogenesis

The results presented in Fig. 1 show that C/EBPB was
able to bind to C/EBP binding sites on the PPARy2
promoter at times that correlated with the induction of
C/EBPB levels. To determine whether binding occurs

www.endocrinology-journals.org
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Figure 2 Western blot analysis of transcriptional and cell cycle regulators during differentiation of 3T3-L1 cells. Protein extracts
were prepared from differentiating cells at the indicated times and the kinetics of protein expression for the indicated proteins were
determined by western blot analysis. PI-3K was used as a loading control.

on endogenous adipocyte promoters at early times after
the induction of adipocyte differentiation, we performed
ChIP experiments and temporally analyzed binding, not
only of C/EBPB, but also of C/EBPS and C/EBPa, to
specific adipocyte promoters. First, we chose to evaluate
binding at the C/EBPa and the PPARY2 promoters,
since these two essential adipogenic regulators are
expressed early during differentiation, on day 2 (Fig. 3A
and B). -

Regulation of the C/EBPa and the PPARY2
promoters by C/EBP family members has been
characterized previously (Christy e/ al. 1991, Zhu e al.
1995, Clarke et al. 1997, Tang & Lane 1999, Tang et al.
1999, 2004, Elberg et al. 2000, Yang & Chow 2003). The
C/EBPa.  proximal promoter contains a C/EBP
regulatory element at — 187 relative to the transcrip-
tional start site that mediates transactivation by G/EBPs.
The PPARY2 promoter contains two previously
characterized C/EBP recognition elements at — 340 bp
and — 327 bp relative to the transcriptional start site in
addition to other potential sites that diverge from the
C/EBP consensus. As shown in Fig. 3A, recruitment of
C/EBPB as well as C/EBPS at the C/EBP regulatory
element on the PPARY2 promoter was induced in a
manner consistent with the protein expression patterns
of both proteins (Fig. 2), with binding of both proteins
apparent 2 h after the onset of differentiation. Subse-
quently, C/EBPP and C/EBP3 were replaced by
C/EBPa, which initiated binding to the promoter at
48 h and was maintained throughout the time-course.
These results confirmed the transition of binding from
C/EBPB/8 to G/EBPa.- at this promoter wn zwo (Salma
et al. 2004, Tang ¢ al. 2004).

Analysis of the C/EBPa promoter revealed the same
pattern found at the PPARY2 promoter, except that
binding occurred even earlier following differentiation
(Fig. 3B). C/EBPP and C/EBPS were bound as early as
1 h post-differentiation and remained present until 48 h

www.endocrinology-journals.org

and 120 h respectively. Induction of C/EBPa binding to
the C/EBPa promoter began at 48h as reported
previously (Tang et al. 2004). Therefore, the transition in
binding of the C/EBP isoforms that was observed at the
PPARY2 promoter also occurred at the C/EBPa
promoter. .

The appearance and disappearance of binding of the
different C/EBP isoforms at the: PPARY2 and G/EBPa
promoters at different times post-differentiation indicate
specificity of binding. No antibody controls provide
further evidence for specific binding (Fig. 3A and B). As
an additional control, we analyzed C/EBP factor
interactions at the P-actin locus (Fig. 3C) and -at
sequences 1-8 kb upstream of the PPARY2 start site
(data mot shown). Neither [-actin sequences nor

. sequences upstream of the PPARY2 promoter were

immunoprecipitated by any of the antibodies used in the
ChIP procedure.

In vivo recruitment of C/EBP}, 5, and « to additional
adipogenic gene promoters during adipogenesis

‘We next examined if C/EBPB, 8, and @ are recruited to -

the resistin, adiponectin, and leptin promoters. These
adipocyte-secreted peptides, collectively referred to as
adipocytokines, have generated considerable interest
since they are important regulators of body mass and

" their misregulation may play a role in obesity (Miner

2004). The proximal promoters of these genes contain
C/EBP binding sites that are necessary for expression.
The resistin promoter contains a C/EBP site at — 56
relative to the transcriptional start site, adiponectin
contains two identified C/EBP sites at =775 and — 264,
and two potential binding sites at — 117 and — 73, and
leptin has three consensus C/EBP binding sites at
nucleotides — 55, — 211, and —292. The activity of
these C./EBP sites has been confirmed by reporter assays

Journal of Molecular Endocrinology (2006)-36, 139-151
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for each of these genes (de la Brousse ¢t al. 1996, Hwang
et al. 1996, Hartman et al. 2002, Park el al. 20045).
Binding of C/EBPP and 0 to the C/EBP site at the
resistin proximal promoter was evident at 2-4h
post-differentiation and did not decline until after 48 h
(Fig. 4A). A modest increase in binding of C/EBPo was
_ observed from 20 to 48 h, and was further increased at
120 h (Fig. 4A). These results indicate that C/ EBPp and
8 bind early after differentiation to the resistin promoter
and suggest that all three C/EBP isoforms play a role
regulating this adipocyte gene. It was previously
demonstrated that C/EBPa binds specifically -to the
C/EBP element on the resistin promoter that is essential
for expression (Hartman et al. 2002); however, a
“transition in binding of these regulators has not been
previously demonstrated.

The adiponectin promoter contains two C/EBP sites
at —775 and — 264 and two potential binding sites
at — 117 and — 73; however, the C/EBP element at
— 264 and the potential C/EBP sites at — 117 and
— 73 confer promoter activity as defined in transient

.promoter studies, EMSA, DNase 1 footprinting, and
ChIP assays (Park e al. 20044, Seo et al. 2004).
Consequently, we performed ChlIPs in the region of the
_proximal promoter that contains these C/EBP sites. The
analysis of binding of G/EBPB, G/EBPS, and C/EBPa
to the adiponectin promoter showed a pattern nearly
identical to that observed for the resistin promoter,
despite the fact that adiponectin expression initiated
later than resistin expression (Fig. 4B). C/EBPP and 6
were bound to the promoter at 2 h and maintained until
48 h. Definitive binding of C/EBPa was present at 48 h,
although a modest increase was noticed at 20-24 h.

Finally, we assessed the recruitment of the G/EBP
members on the leptin promoter. The proximal
promoter contains three consensus C/EBP binding sites.
DNase 1 footprint analysis, reporter gene assays, and
EMSA studies have demonstrated that one of these
C/EBP sites, located at —53 relative to the transcrip-
tional start site, 1s functional (de la Brousse et al. 1996,
Hwang et al. 1996, Mason ¢t al. 1998). However, because
the G/EBP sites are near each other, we designed PCR
primers to amplify a region of the proximal promoter
containing all three sites. The recruitment of C/EBPJ
occurred at 4 h and remained relatively constant until
48 h (Fig. 4C). In contrast, C/EBPS was detectable from
12 h to 48 h. Binding of C/EBPa was observed on the

promoter at -20h, but was not robust until 120h
post-differentiation, which comncides with the “start of
leptin mRNA accumulation. These results indicate that
C/EBPB and 8 bind quickly after the induction of
differentiation to adipogenic promoters that are not
expressed until much later in the differentiation process.
Furthermore, the transition from C/EBPB and 6 to
C/EBPa binding on these promoters also occurred prior
to gene -expression, suggesting that” C/EBP factor
interations with adipogenic promoters is independent of
the time at which gene expression is initiated.

Overexpression of C/EBP is not sufficient to
promote C/EBP protein binding to the PPARy2
promoter in differentiating 3T3-L1 cells

The detection of C/EBPP on adipogenic promoters

in viwvo within a few hours of the onset of adipogenic
stimulation caused us to evaluate whether over-
expression of G/ EBPB in 3T3-L1 preadipocytes would
be sufficient to induce binding of C/EBPB to the
regulatory sequences examined. 3T3-L1 preadipocytes
were infected with a retroviral vector expressing
C/EBPp and were allowed to reach confluence, but no
differentiation cocktail was added. Instead, cells were
maintained in 10% calf serum as a confluent plate, and
C/EBP binding was assessed at 0, 4, 24, 48, and 168 h.
Despite the ectopic expression of C/EBPB (Fig. 5A), no
binding of C/EBPB, 6, or a was observed at the
PPARY?2 promoter, whereas control plates treated with
differentiation cocktail showed C/EBPP and 8 binding
to the PPARY2 promoter within 4 h post-differentiation
and C/EBPo binding by 48 h post- dn‘fercntlatlon
(Fig. 5B).

The data suggested that overexpression of C/EBPp in
cells is not sufficient to promote G/EBPB binding to
adipogenic promoters in the absence of differentiation
cocktail. A potential caveat to this conclusion is. that
ectopic expression did not provide a high enough level of
C/EBPp protein to surpass a threshold level of C/EBPp
protein necessary to achieve binding. We note that the
inoculum of pBABE-C/EBPP retrovirus. used in these
experiments is the same as we have previously used to
trans-differentiate fibroblast lines into adipocyte-like
cells; thus the levels of C/EBPP provided are sufficient
to reprogram cells of a different lineage (Salma et al.
2004). However, to more directly address this concern,
we compared the levels of C/EBPB protein present in

Figure 3 ChiP assays reveal that C/EBPf binding to the PPARy2 and C/EBPa promoters oceurs in vivo W|th|n 2 h of the |nduct|on
of 3T3-L1 adipocyte differentiation. ChiP assays were performed at the indicated time-points using the indicated antibodies and
amplified for the PPARy2 promoter (A, top panel), the C/EBPa promoter (B, top panel), or the p-actin 5’ untransiated reg|on and

coding region (C);

1% of each input is shown. A twofold titration (number of pl indicated) of input from the 0 h sample is shown on

the left to demonstrate linearity of the PCR reactions. (A, bottom panel) Duplicate samples were used to prepare RNA and a
Northern blot showing the levels of PPARy and 36B4 mRNA at each time-point is shown. (B, bottom panel) C/EBPa and 36B4
mRNA levels were determined by RT-PCR. A twofold titration (number of pl indicated) of input reverse transcribed RNA from the day
7 sample is shown on the left to demonstrate linearity of the PCR reactions. Ab, antibody.
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Figure 5 Overexpression of C/EBPP in undifferentiated 3T3-L1 preadipocytes is not sufficient to induce the binding of C/EBP
factors at the PPARy2 promoter. Subconfluent 3T3-L1 preadipocytes were infected with either pBABE retrovirus or pBABE
retrovirus encoding C/EBPB. For differentiation, cells were placed in fresh media lacking or containing the differentiation cocktail,
and samples were harvested at the indicated times for (A and C) Western blot analysis or (B and D) ChiIP analysis. Ab, antibody.

uninfected cells -and in cells infected with pBABE-C/

EBPB or with the pBABE empty retrovirus that were
differentiated in the presence or absence of differentia-
tion cocktail for 4h. A western blot (Fig. 5C)
demonstrates that cells infected with the C/EBPf virus
contained greater levels of C/EBPB protein in-both the
presence and absence of differentiation cocktail (com-
pare lane 2 with lane 3 and lane 5 with lane 6), as
expected. We also observed that C/EBPP levels in
vector-infected cells that were differentiated in the
presence of cocktail were lower than G/ EBPB levels in
the pBABE-C/EBPp-infected cells that were differen-
tiated in the absence of cocktail (compare lanes 4 and 3).
The levels of C/EBPP protein in pBABE-infected cells
treated with differentiation cocktail were sufficient to
permit C/EBPB binding to the PPARy2 promoter,
whereas higher levels of C/EBPP in the C/EBPB-
infected cells differentiated in the absence of cocktail
were not (Fig. 5D, compare lanes 4 and 3). The results
exclude the possibility that insufficient levels of C/EBPB
were present in the cells not treated with differentiation
cocktail. The C/EBPP protein undergoes a number of

post-transtational modifications that are associated with

the induction of adipogenesis; 1t is likely that such
modifications are induced by addition of the differentia-
tion cocktail and are necessary to promote rapid binding’
to adipogenic gene regulatory sequences i vio. Thus,
simple overexpression of C/EBPB is not sufficient to
induce C/EBPP binding in 3T3-L1 preadipocytes.

Discussion

The C/EBP family of transcription factors is widely

expressed and is a key regulator of a variety of target
genes important in physiological events, including
energy metabolism, inflammation, hematopoiesis, cellu-
lar proliferation, and differentiation (Darlington et al.
1998, Lekstrom-Himes & Xanthopoulos 1998, Rosen
et al. 2000, Ramji & Foka 2002, Kovacs et al. 2003).- Of
note is the essential role C/EBP family members play
during adipogenesis (reviewed by Darlington e al. 1998,
Lane et al. 1999). Almost immediately upon induction of
adipogenesis, the C/EBP family members 8 and 8 are
induced in a manner dependent on several signal
transduction cascades that result in phosphorylation of

Figure 4 ChIP assays show that C/EBPf binding to the adipocytokine promoters occurs in vivo within 4 h of the induction of 3T3-L1
adipocyte differentiation. ChIP assays were performed at the indicated time-points using the indicated antibodies and amplified for
the resistin promoter (A, top panel), the adiponectin promoter (B, top panel), or the leptin promoter (C, bottom panel); 1% of each
input is shown. A twofold titration (number of ul indicated) of input from the day 0 sample is shown on the left to demonstrate
linearity of the PCRs. Duplicate samples were used to prepare RNA at each time-point and mRNA levels for resistin (A, bottom
pane!), adiponectin (B, bottom panel), and leptin (C, bottom panel) as determined by RT-PCR are shown. 36B4 mRNA levels are
shown as a control. A twofold titration {(number of pl indicated) of input reverse transcribed RNA from the day 7 sample is shown on

the left to demonstrate linearity of the PCRs. Ab,. antibody.
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these proteins (Park et al. 20044, Bezy et al. 2005, Tang
el al. 2005 and references therein).. However, the

activation of the early adipogenic regulators, PPARY2

and C/EBPo, which are dependent on C/EBPP and 6,
does not occur until day 2 of the differentiation process.
During the first 2 days, cells undergo one or two rounds
of mitosis, a process termed mitotic clonal expansion
(Bernlohr et al. 1985, Cornelius et al. 1994, MacDougald
& Lane 1995). Thus, the transcriptional activation
potential of the C/EBPB and & proteins are masked or
repressed until clonal expansion commences.

Over the past several years data have accumulated
that suggest that the binding capacity of C/EBPB for its
cognate binding site is delayed 12-20 h post-induction of
adipocyte differentiation (Lane et al. 1999, Tang & Lane
1999, Tang et al. 20035, 2005). This observation fits well
with the need to delay expression of C/EBPa, which has
anti-mitotic properties (Umek et al. 1991, Lin et al. 1993,
Timchenko e al. 1996, Wang et al. 2001), until clonal
expansipn occurs. Moreover, the kinetics of DNA
binding activation fit well with the. kinetics of other
events that occur at this time, including the appearance
of phosphorylated Rb and the localization of C/ EBPP to
pericentric heterochromatin, which contains numerous
C/EBP binding sites- in the satellite DNA sequences
(Tang & Lane 1999). How this change in sub-nuclear
distribution relates to gene expression has not been well
established, but the observation raises the possibility that
localization of proteins to specific nuclear compartments
contributeés to the complexity of adipocyte = gene
regulation.

In the course of examining the activation. of the
PPARY2 promoter during adipogenesis, we noted that
in vitro binding of C/EBPB to a C/EBP binding site in
the PPARY2 promoter did not appear to change
significantly between 3 and 24 h post-differentiation
(Fig. 1). Given the wide range of variable conditions that
can affect protein binding in a gel shift assay, we initially
did not view this as contradictory to the existing models
explaining the delay in activation of C/EBPo and
PPARY?2 gene expression. However, ChIP assays, which
specifically detect i vivo protein:DNA interactions at
endogenous loci, clearly demonstrated that C/EBPf and
C/EBPS were capable of binding to both the C/EBPa
and the PPARY2 promoter at very ecarly times
post-differentiation. Moreover, C/EBPB and & could
also bind at early times to adipocyte specific promoters
that do not begin to transcribe until much later in the
differentiation process. Our results do not alter the
original conclusion that mechanisms exist during the
time of mitotic clonal expansion to delay activation of
C/EBPa and PPARY2 gene expression and the target
genes that they subsequently activate. Instead, they
indicate that the rate-limiting step is not the interaction
of the C/EBPP protein with binding sites at the
endogenous target gene promoters. ‘

Journal of Molecular Endocrinology (2006) 36, 139-151

Numerous possibilities to restrict the transcriptional
activating properties of C/EBPp exist even if the protein
is DNA bound. The exact isoform of C/EBPp that is
bound could influence the transcriptional potential.
Interaction between C/EBPP and repressor proteins
(Ron & Habener 1992, Tang et al. 1999) would not
necessarily be restricted to solution interactions;
repression could occur via interactions at promoter
sequences as shown previously (Mo et al. 2004).
DNA-bound C/EBPP could be and likely is still subject
to post-translational modifications, including phos-
phorylation, acetylation, and sumoylation (Kim et al.
2002, Eaton & Sealy 2003, Xu et al. 2003, Park et al.
2004a, Tang e al. 2005), that may modulate
transcriptional capacity. C/EBPB-bound loci could
remain transcriptionally silent because other activators,
RNA polymerase II (pol II)- or pol Il-associated general
transcription factors have not been synthesized, are
spatially restricted, have not yet undergone the
appropriate post-translational modification, or-cannot
bind in the absence of specific chromatin modifications
or alterations. In support of this last possibility,
Wiper-Bergeron - et al. (2003) showed that histone
deacetylasel (HDAC]1) could affect the acetylation status
of the C/EBPa promoter in a manner regulated. by
glucocorticoids.  Finally, C/EBPB-bound loci may .
change position within the nucleus, becoming associated
or disassociated with specific sub-nuclear structures such
as pericentric heterochromatin or splicing domains.
None of these possibilities are mutually exclusive, and it
is likely that multiple mechanisms are acting co-
operatively to control the timing of expression for each
individual target gene.

We also note that, in other cell types, C/EBPf-
mediated activation of endogenous target genes can
occur without induction of C/EBPP levels or induction
of post-translational modifications. Lipopolysaccharide-
mediated induction of C/EBPP target genes in B
cell-derived lines lacking C/EBP proteins could be
accomplished by constitutive expression of the bZIP
domain of C/EBPB (Hu et al. 2000). More recently,
C/EBPB binding to and subsequent activation of target
genes in lipopolysaccharide-stimulated macrophages
were shown to occur prior to induction of C/EBPP
protein levels and in the absence of induced G/ EBPB
phosphorylation or nuclear translocation (Bradley ef al.
2003). Thus, different mechanisms likely control
C/EBPP function in different cell types.

The in vivo binding capacity of C/EBPB and 3 to
adipogenic genes as early as 1h post-differentiation
seems likely to be modulated by components of the
differentiation cocktail. ChIP assays performed - with
3T3-L1 over-expressing C/EBPP in the absence of
differentiation inducers showed that this regulator is not
recruited to the PPARY2 (Fig. 5). This result shows that
the physical presence of C/EBPB alone is insufficient to
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be recruited to specific promoters. Further studies will be
required to determine- the nature of modifications
required for both C/EBPB and & to rapidly bind to
adipogenic regulatory sequences following differentia-
tion signaling as well as the relative importance of
C/EBPP homodimers and C/EBPB and 8 heterodimers.

Limited data on the binding of C/EBPB and 6 to
gene promoters other than C/EBPo and PPARY2 exist.
In differentiating 3T3-L1 cells, C/EBPB binds to the
aP2 promoter between 24-72h post-differentiation
(Tang et al. 2004), and a recent report shows both-
C/EBPP and 8 on the adiponectin promoter in mouse
adipose tissue (Park et al. 20044). These data raise the
question of why G/EBPB and & are bound to such
promoters when evidence strongly suggests that the
genes are not activated until later times when C/EBPa
has replaced C/EBPB and § at these loci. We speculate
that the presence of C/EBPP may be part of the process
by which CG/EBPu is recruited to adipogenic promoters.
Alternatively, or perhaps, additionally, all of the
adipogenic loci undergo structural changes at the onset
of differentiation, and the binding of C/EBPP to these
loci serves as a mark for subsequent gene activation.

The data have also clearly demonstrated that the
C/EBP binding sites on each of the genes undergo a
transition in binding from C/EBPB and 8 to G/EBPa
in vivo. We and others have previously demonstrated that
this occurred on the PPARY2 promoter during
adipogenesis (Salma e al. 2004, Tang et al. 2004). From
the data presented here, we predict that this transition
occurs on all adipocyte genes containing CG/EBP binding
sites with similar kinetics, indicating the importance of
the transition and a role for C/EBPp and 6 in both early
and late events of the differentiation program. We note
that the binding of C/EBPP and 8 correlated with the
induction of overall cellular levels of C/EBPB and 9.
Similarly, C/EBPf and & were replaced on each
promoter between 24 and 48 h post-differentiation, the
time at which C/EBPa protein levels begin to be
induced. Thus the binding of the specific C/EBP
proteins to adipocyte specific genes in vivo does not
correlate with the time of target gene expression but
instead occurs rapidly after the induction of C/EBP
protein levels.
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