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Abstract

Class switch recombination (CSR) of murine immunoglobulin heavy chain (IgH) is controlled by germline transcription-coupled modi-
fication of the accessibility of the highly repetitive switch regions (S) located upstream of the constant region genes. Activatioh of the 3
IgH enhancer (E) is believed to regulate CSR during B cell terminal differentiation, although the detailed molecular mechanism remains
unclear. Here, we show that BAF57 and BRG1, two essential subunits of murine SWI/SNF complex, differentially associate with the DNase
I hypersensitive region HS1/2 of Band the IgG2b germline promoter in response to LPS activation or CD40 engagement. Both LPS and
CD40 signaling cause SWI/SNF complex to dissociate from HS1/2 and associate with their responsive IgG2b germline promoter, suggesting
the potential fluidity of chromatin structure and specific regulatory mode for the ATP-dependent chromatin remodeler during CSR. More
interesting, increase in histone acetylation is either inverse or parallel with the action of SWI/SNF complex at HS1/2 enhancer or 1IgG2b
germline promoter, respectively. Chromatin immunoprecipitation experiments show that alteration of histone H3 and H4 acetylation has over-
all similarities in response to LPS and CDA40 signaling, with H3 hyperacetylated and H4 hypoacetylated at the HS1/2 enhancer and reversed
modification patterns at the IgG2b germline promoter. Finally, the specificity of LPS and CD40 signaling in control of CSR could be partially
coded by the specific acetylation marking of H3 and H4. Our results further strengthen the notion that chromatin remodeling plays a critical
role in CSR.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Chromatin remodeling; Histone acetylation; IgH; Class switch recombination

1. Introduction undergone CSR to secrete various classes of immunoglobu-
lins. The genetic alterations during CSR involve the replace-
Upon encountering antigens, small resting B lymphocytes ment of IgH constant region ¢J gene Gu with one of
become activated and differentiate into plasma cells that havethe downstream constant region genes,(Ce or Ca) by
recombination between the donor and recipient S regions
located upstream of the cognatg Genes, without modify-
Abbreviations: BAF, Brahma-associated factor; BRG, Brahma-related ing the variable region gene segmer@t{/nezer, 2000This
gene; ChiP, chroma_tin immunoprecipitation, CSR, class switc_h recom- process is regulated by germline transcription-coupled mod-
ot e oo e oo . eations of th accessibityof the S regions and activaton
ferme‘mmg’ ’ ‘ of 3'E located~4 kb downstream of & The murine 3IgH
* Corresponding author. Tel.: +86 10 64888438; fax: +86 10 64830432, €nhancer spans30 kb and consists of four DNase | hyper-
E-mail address: tanghong@moon.ibp.ac.cn (H. Tang). sensitive segments, designated HS3&'€, HS1/2, HS3b
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and HS4 Khamlichi et al., 200 Genetic and biochemical of CD8 (Chi et al., 2002, reminiscent of the role of the yeast
analyses indicate that HS1/2 is not active in resting B cells SWI/SNF complex in mediating mating-type switching. The
but can be activated via CD40 crosslinking (T cell-dependent SWI/SNF complex has also been found to regulate V(D)J
signal, TD) or lipopolysaccharide (LPS) stimulation (T cell- rearrangement of the variable region genes by selective asso-
independent signal, TIAfulampalam et al., 1994; Grant et  ciation with the recombination active regions of both the T
al., 199§. Similar to HS1/2, the activities of HS3b and HS4 cell receptor (TCR) and immunoglobulin lodaCki, 2009.
are restricted to the late stage of B cell developmiémgud et However, whether the SWI/SNF complex plays arole in CSR
al., 2001; Shi and Eckhardt, 200RAlthough the function of still remains unclear. On the other hand, there is a growing
3'E in CSR remains elusivé/anis et al., 2003; Pinaud etal., body of evidence indicating that histone modification may
2001), spontaneous deletion of the entifE8auses a severe play a critical role in CSR. For example, although insuffi-
reduction in IgH expression and CSR in plasmacytoma cell cient to guarantee CSR, there is a good correlation between
lines Gregor and Morrison, 1986; Michaelson et al., 195 germline transcription activation and histone H3 and/or H4
In fact, gene-targeting experiments indicated that, in concert hyperacetylation in S regiond.i(et al., 2004; Nambu et
with the intronic enhancer (B, the 3 IgH enhancer playsan  al., 2003. CSR seems to require activation-induced cyti-
essential role in CSR during B cell terminal differentiation dine deaminase (AID), which has recently been proved to
(Chaudhuri and Alt, 2004 Transfection experiments also involve in the accessibility control of S region chromatinin a
indicate that HS1/2-HS3-HS4 functions as a locus control germline transcription-coupled fashioBl{audhuri and Alt,
region active only in mature B cell8fadisen and Groudine,  2004). However, whether chromatin remodeling 6Eplays
1994 and can alter the upstreamngic promoter usage  any role in CSR is still elusive.
by modification of its histone acetylatiodM@disen et al., The existence of DNase | hypersensitive regions’i 3
1998. during B cell terminal differentiation strongly suggests that
The nucleosome is the fundamental unit of chromatin the chromatin configuration of this locus might be tem-
structure in eukaryotic cells and plays crucial roles in vir- porally regulated and may play a role in CSR. Here, we
tually all aspects of genomic functioKdrnberg and Lorch,  show that SWI/SNF complex differentially associates with
1999; Wolffe and Hayes, 1999The nucleosome core par- the HS1/2 enhancer and the upstream IgG2b germline pro-
ticle comprises a histone octamer, two copies each of H2A, moter in response to LPS (TI) and CD40 (TD) signal-
H2B, H3 and H4, around which are wrapped 146 base pairs ofing. Concerted with changes of chromatin configuration, a
DNA (Felsenfeld and Groudine, 2003; Luger and Richmond, unique histone acetylation pattern might exist to determine
1998. Therefore, the physical barrier by dense chromatin in the specificity of differential B cell activation signals for
a cell becomes the rate-limiting step of transcription initia- CSR.
tion and elongationAdams and Workman, 1993; Felsenfeld,
1992; Studitsky et al., 2004nd it must undergo topological
changes from “heterochromatin” (off) to “euchromatin” (on) 2. Materials and methods
by means of chromatin remodeling to ensure gene expression.
Transcription co-activator complexes comprise factors that 2.1. Cell culture and reagents
either alter nucleosome conformation (e.g., SWI/SNF com-
plex) in an ATP-dependent mannérmugser and Kadonaga, WEHI 231 cells were maintained in RPMI 1640
2003; Martens and Winston, 2003; Sudarsanam and Winston,(HyClone, Utah) supplemented with 10% fetal bovine serum
2000 or covalently modify the exposed tails of the core (HyClone), 50.M B-mercaptoethanol (Serva, Germany),
histones (acetylation, phosphorylation, methylation, ubig- 100 unit/mL penicillin and 10@.g/mL streptomycin and
uitination and ADP-ribosylation) in an ATP-independent 2mM r-glutamine (HyClone) at 37C and 5% CQ. Where
fashion. Both ATP-dependent and ATP-independent chro- indicated, WEHI 231 cells were treated with eitheg&fimL
matin remodeling function in concert to regulate transcrip- LPS for 8 h or Jug/mL anti-CD40 (BD Pharmingen, HM40-
tion. Multi-layer configuration of chromatin structure and 3) for 2 h.
crosstalk among various histone modification marks thereby  All fine chemicals, acetyl coenzyme (Ac-CoA) and his-
contribute to the heterogeneity and specificity in regulation tone (Type Il-A) were purchased from Sigma. Herring sperm
of gene expressionJénuwein and Allis, 2001; Narlikar et DNA and Superscript |l reverse transcriptase were from Invit-
al., 2002; Peterson and Laniel, 2004; Strahl and Allis, 2000; rogen. Oligo-dT primer was from Promega. Glycogen and
Turner, 2002. Of these histone modifications, acetylation of sequencing grade trypsin was from Roche (Switzerland),
thee-amino group of defined lysine residues has been exten-proteinase K from Merck (Germany) and MagnaBind strep-
sively studied. tavidin beads and ECL SuperSignal was from Pierce (IL,
The mammalian SWI/SNF complex contains 9—12 BRG1- USA). Antibodies used in the work: anti-CD40 (HM40-3, BD
associated factors (BAFP€terson and Logie, 2000; Wang Pharmingen); anti-BAF57 (Drs. R. Crabtree, W. Wang and
et al., 1998. Genetic and biochemical studies suggested that Z Wen; ActiveMotif, Carlsbad, CA); anti-BRG1, anti-NF-
the mammalian SWI/SNF complex contributes to T cell lin- kB p65 (F-6), anti-CBP (C-1) and anti-HDACL1 (Santa Cruz,
eage bifurcation by direct repression of CD4 and activation CA); anti-AcH3, anti-AcH4 and antibodies specific to each
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individual acetyl-Lys: -H3AcK9, -H3AcK14, -H4AcKS5, -  odepleted supernatants in 10 or 6% SDS-PAGE for BAF57
H4AcK8, -H4AcK12 and -H4AcK16 (Upstate Biotechnol- or BRG1, respectively. The remaining fraction was subjected
ogy). to HAT assays as above.

2.2. Affinity purification of HS1/2 binding proteins 2.4. Chromatin immunoprecipitation assays

Biotinylated DNA probe encompassing nt 791-1105 of  chromatinimmunoprecipitation (ChIP) was performed as
murine HS1/2 enhancer (NCBI Accession no.: X62778) was yeviously described(berts et al., 1998; Braunstein et al.,
PCR amplified using pGL3-VETeng and Sharp, 1998sthe 1993 with minor modifications. In brief, % 10 WEHI 231
template and PAGE purified as described previousing  ¢eis in 2mL phosphate-buffered saline (PBS) were fixed
et al,, 1993 The sequences of primers were: forwart (5 ith 194 formaldehyde at room temperature for 10 min and
b'?“”'GGCCTATGCTGGGAGTC'3 and reverse primer  oyensively washed with ice-cold PBS. Crosslinked nuclei
(5-TAGACCCCTAAGGGTAG-3). A5 pmol ofbiotinylated \ere sonicated in a ice—water cup horn (Sonifier 450, Bran-
HS1/2 probe was affinity-conjugated to 100 MagnaBind g4 o shear DNA length in between 200 and 1000 bp.
streptavidin beads after blocked with 300ng sonicated \clear lysates were pre-cleared with 5O protein A-
Herring sperm DNA according to manufacturer's manual gepharose beads and immunoprecipitated with the anti-sera,
(Pierce). After wash with PBS for three times, beads were where indicated at 4C for 16 h: anti-BAF57 (fuL), anti-
mixed with 250ug nuclear extracts and the final volume was BRG1 (10uL), anti-NF«B (10pL), anti-CBP (1QuL) and
brought up to 50@QL with nuclear buffer D Dignam et al., anti-HDAC1 (10uL), anti-AcH3 (3uL), anti-AcH4 (3p.L),
1983. After being rolled for 1h at 37C, beads were mag- gt y3AcK9, anti-H3ACK14, anti-H4ACKS, anti-H4ACKS,
netically concentrated and washed for three times with wash ;i HaAcK12 and anti-H4ACK 16 (5.L) antibodies. DNA
buffer (10 mMHEPES, pH7.9,300mMNaCl, 1mMEDTA).  fragments in the immune complex were precipitated with
The bound nuclear proteins were resolved in 8% SDS-PAGE 50uL protein A-sepharose slurry at°€ for 2 h, after pro-
and visualized .by Coomassie _Blue staining. Indicate_d protein iainase K digestion, DNA was phenol extracted and ethanol
bands were sliced out and digested with sequencing grade,ecipitated using glycogen as the carrier. Semi-quantitative
trypsin. The peptide mixture was solublized iR matrix  pcr was performed to assess transcription activation at
solution (10mg/mL oft-cyano-carboxy-cinnamic acid in - 592 enhancer (nt 791-1105) and IgG2b promoter (nt from
50% acetonitrile/0.1% TFA) and Oi- was spotted ontothe 53 to—133) forward primer 5tctatgggtctcaagaggacé-3

plate for MALDI-TOF mass spectrometric analysis (Bruker o4 reverse primer cgaaactaggtgacacgggad-Zhang et
Reflex Ill, Germany). Protein identities were scored by Mas- ;| 1993.

cot search enginevivw.matrixscience.cojrusing monoiso-
topic mass values (data not shown) with parameter settings at o
taxonomymusculus, missed cleavage at 2, variable oxidation 2->- Reverse transcription

HW, peptide tolerance: 1. BAF57 was identified for its top ) o
score at 56 < 0.05). RNA was isolated for reverse transcription PCR (RT-PCR)

using RNeasy mini kit (Qiagen). The first cDNA strand was
synthesized using 259 total RNA and 200 U Superscript 11
reverse transcriptase and Q.§oligo-dT primer. PCR ampli-
p fication was conducted as previously describ8trm et
al., 1999 using 1uL first-strand product and 20 pmol spe-

2.3. On beads HAT assay

Histone acetyltransferase (HAT) activities associated wit

biotinylated HS1/2 probe were assessed as described previ¢:; - ] ) -

ously with minor modificationsHe et al., 2003 In brief, cific primers for IgG2b germline transcript (forward primer
/ H /)

the protein—HS1/2 DNA complex on magnetic beads was 2 ACAGAAAAGGTGCCTACCTGC-3, reverse primer,’s

resuspended in 0L HAT buffer [20 mM MOPS (pH 6.5), TGTGACACTC(_:TTGCATGGAG-S_). RT-PCR ofB-actin
5mM MgCh, 0.25mM acetyl-CoA and 200 mM histones] was performed in parallel as an internal control (fprward
and incubated at 37T for 1 h. The reaction was stopped by PrmMer 53-GTCGACAACGGCTCCGGC-3 reverse primer
magnetic separation and the supernatant was boiled;ii.30 5-GGTGTGGTGCCAGATCTTCT3.
SDS-PAGE loading buffer. Acetylated histones were detected
by Western blotting with Ac-Lys polyclonal antibody (1:1000 2.6. Nuclear Western blotting
in PBST plus 1% milk powder, overnight af@) and visu-
alized with ECL (Pierce, SuperSignal). WEHI 231 cells in a six-well plate (2 10°) were

To assess the HAT activity co-precipitated with BAF com- treated with 5qug/mL LPS or Jug/mL anti-CD40 antibody
plex, 300ng nuclear extracts from WEHI 231 cells primed for the time indicated. Nuclear extracts were prepared as
or not primed with LPS were first immunodepleted with previously describedTang and Sharp, 199%nd nuclear
3L BAF57 polyclonal antibody or i BRG1 polyclonal translocation of NR«B p65 was determined by Western
antibody. The immunodepletion efficiency was assessed byblotting (1:1000 in PBST with 1% milk) and visualized with
Western blotting after electrophoretic separation of immun- ECL.
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3. Results HS1/2 fragment. The one-dimensional SDS-PAGE resolved

several polypeptide bands differentially associated with the
3.1. LPS-stimulated SWI/SNF complex to dissociate HS1/2 enhancer before and after LPS treatment of WEHI 231
from HS1/2 enhancer cells (Fig. 1B). We observed a decreased binding of the pro-

tein with molecular weight-55 kDa at HS1/2 in response to

CSR is driven by cytokines that modulate both promoter LPS activation (black arrovkig. 1B). Matrix-assisted laser
and enhancer activitie€haudhuri and Alt, 2004; Stavnezer, desorption ionization-time of flight (MALDI-TOF) analy-
2000. By activation of CSR, both LPS and CD40 signaling sis of the protein fingerprints scored it as BAF57. BAF57
trigger NF«B to bind to the HS1/2 enhancdrgurencikiene is a subunit of murine SWI/SNF complex containing the
et al., 2001, Linderson et al., 1997; Michaelson et al., 1996; high-mobility-group box (HMG) with DNA binding activ-
Zelazowski et al., 2000We first determined the optimal con- ity (Wang et al., 1998 To further confirm the finding, we
ditions for LPS and anti-CD40 crosslinking antibody to acti- went on to perform the analogous affinity pulldown exper-
vate immature B cells as evidenced by nuclear translocationiments and probed the protein complex associated with the
of NF-kB p65 in WEHI 231 cellsFig. 1A). Todeterminethe ~ HS1/2 fragment using antibodies against BAF57 and BRGL1.
composition of the nuclear proteins assembled at the HS1/2BRGL1 is the ATPase subunit of SWI/SNF compléXang
enhancer, we then used streptavidin beads for affinity pull- et al., 199% and recombinant BRG1 can hydrolyze ATP and
down of the nuclear protein complex bound to the biotinylated generate superhelical torsion in naked DNA or nucleosome

LPS CD40
Time() 0 2 4 8 o 1 2 4
NF-kB o e — — N o
USF2 o ey S Y s e e
(A) a b c d e f g h
LPS - +
BAF57 [
LPS -4
BRG1 _ || Hsir2
kD 7
9 mock
66 :
ve | e
43
ABAFST” Ac-Lys
31 BRG1 |t B e
(B) 1 2 (©) 1 2

Fig. 1. BAF57 and BRG1 associated with HS1/2 region of Ig'&E3 (A) Nuclear translocation of NkB p65. Nuclear extracts were prepared from WEHI

231 cells (2x 10°/lane) pre-treated with 50g/mL LPS (lanes a—d) ordg/mL anti-CD40 (lanes e-h) in 1 mL serum-free RPMI 1640 for the indicated time.
Nuclear translocation of NkB p65 was determined by Western blotting and the optimal activation conditions for LPS (d, 8 h) or anti-CD40 treatment (g, 2 h)
were used throughout assays. Nuclear transcription factor USF2 was used as a loading control. (B) Mass fingerprinting of BAF57. Nuclear praggins (250
from WEHI 231 not treated (lane 1) or treated (lane 2) withu80mL LPS were incubated with biotinylated HS1/2 probe (5 pmol absorbed on streptavidin
beads) and the bound fractions were eluted and resolved on 8% SDS-PAGE. Differentially bound protein bands (arrows) were identified after Qoamassie B
staining and the most pronounced band (black arrow, BAF57) was excised for MALDI-TOF mass fingerprinting assessment (s 8&c#fssociation

of BRG1 and BAF57 with HS1/2. Affinity pulldown of LPS untreated (lane 1) or treated (lane 2) nuclear extracts assays analogous to (B) was performed and
instead of Coomassie staining, immunoblotting using antibodies specific to BAF 57 (panel 1) or BRG1 (panel 2) was performed. The control expekjnent (m
was performed similarly except for addition of biotinylated HS1/2 probe. For on-bead HAT assay, nuclear proteins depleted of BAFABAFRGW®| BRG1
(panelABRG1) or control depletion using mouse IgG1 (panel NE) were subjected to affinity pulldown by the HS1/2 probe as in (B). Protein—-HS1/2 DNA
complex on-beads was resuspended ipnRMHAT buffer containing 200 mM histones was incubated with 0.25 mM acetyl-CoA &C3for 1 h. Acetylated
histones were assessed by immunoblotting with Ac-Lys polyclonal antibody (1:1000 in PBST plus 1% milk powder, overrfightaatdivisualized with

ECL.
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(Havas et al., 2000 HS1/2 could pulldown less BAF57 in  of the histone modification marks at the IFNpromoter
LPS-primed WEHI 231 nuclear extracts as compared to the (Agalioti et al., 2002 and might not necessarily reflect how
untreated fractionKig. 1C, panel 1), which was in good the HS1/2 chromatin structure was remodeled intracellularly.
agreement with the observation Big. 1B. We could also ~ We then performed chromatin immunoprecipitation (ChIP)
detect BRG1 binding at the HS1/2 enhancer in the sameanalysis of the HS1/2 enhancer in WEHI 231 cells treated or
immunoblot assayHig. 1C, panel 2). Similar to that of  nottreated with LPS. PCR reactions were optimized to ensure
BAF57, association of BRG1 with HS1/2 decreased after the linearity for semi-quantitative analysis (data not shown).
cells were treated with LPS. We could simultaneously detect Similar toFig. 1C, the ChIP assay showed the decreased asso-
other SWI/SNF subunits, BAF47, BAF155 and BAF170, dif- ciation of BAF57 and BRG1 with HS1/2 after LPS treatment
ferentially associated with HS1/2 in a similar fashion (data (Fig. 2A, panels 1 and 2).

not shown). These results, therefore, strongly suggest that The overall levels of histone acetylation at HS1/2 enhancer
chromatin remodeling by SWI/SNF complex might involve as revealed by ChlIP showed slight or no increase after LPS
in LPS activation of the HS1/2 enhancer that concomitantly stimulation fig. 2A, panel 3). However, detailed ChIP analy-
remodels and increases the accessibility of transcription acti-sis also indicated the existence of differential acetylation pat-

vators and co-activators to the HS1/2 enhancer. terns for histone H3 and H4, with acetylation of H3 increased
and H4 decreased after LPS treatméiig (2A). The different

3.2. Dissociation of SWI/SNF complex from HS1/2 was tendencies of H3 and H4 acetylation held the same along the

coupled with increased HAT activities time course of LPS treatment (data not shown). It, therefore,

potentially explains why there was no obvious change of over-
Histone acetyltransferase is often coupled with SWI/SNF all acetylation at HS1/2 after LPS stimulation since H3 and

complex in chromatin remodeling and may regulate S region H4 acetylation might offset each other. Interestingly enough,
accessibility to germline transcription activatioln €t al., H3 hyperacetylation was well correlated with the increased
2004; Nambu et al., 2003To assess whether association of binding of CBP/p300, a transcription co-activator possess-
SWI/SNF complex with HS1/2 has any correlation with his- ing HAT activity that might bind HS1/2Kodojil et al., 2004
tone acetylation of the locus, we first performed HAT assays and decreased binding of histone deacetylase 1 (HDAC1)
as shown irFig. 1B. Nuclear proteins extracted from WEHI  to the enhancerF{g. 2A). ChIP analysis also showed the
231 cells treated or untreated with LPS were incubated with increased binding of NkB with HS1/2 in response to LPS,
the biotinylated HS1/2 probe conjugated to magnetic strepta-reminiscent of recent results, where NB-was involved in
vidin beads. HAT reaction was then carried out on substrate activation of HS1/2 enhancer in transient transfection reporter
histones after addition of acetyl-CoA and the overall his- assaysl(aurencikiene et al., 2001; Zelazowski et al., 2D00
tone acetylation was measured with acetyl-lysine antibody Therefore, our results were in good agreement with the inter-
immunoblotting. The HAT activity assembled at the HS1/2 dependent feature of SWI/SNF complex and HAT in activa-
probe slightly increased after LPS stimulation of WEHI 231 tion of promoter proximal region®Narlikar et al., 200 Itis
cells (Fig. 1C, panel 4). To assess whether HAT activities reasonable to speculate that alteration of the chromatin struc-
associated with HS1/2 enhancer were dependent on BAFsture of the HS1/2 enhancer by the SWI/SNF complex might
we then immunodepleted BAF57 or BRG1 from the nuclear make it a better substrate for HAT after B cell activation by
extracts before HAT activities were measured. The results LPS.
showed that, after eliminating most BAF57 or BRG1 (datanot =~ CD40 is a TD activation signal for B cell terminal differ-
shown), HS1/2-associated HAT activity was either slightly entiation and can activate the HS1/2 enhandeulampalam
decreasedHig. 1C, panel 5, for BAF57 depletion) or com- et al., 1994; Grant et al., 1996To assess whether there
pletely eliminated Fig. 1C, panel 6, for BRG1 depletion). is any difference between TD and TI stimuli in their abil-
Therefore, this correlation between SWI/SNF complex and ity to remodel the chromatin structure at HS1/2, we per-
HAT activity associated with the HS1/2 enhancer in response formed analogous ChIP analyses of the HS1/2 enhancer after
to LPS suggested a concerted remodeling mode in activationanti-CD40 antibody crosslinking of WEHI 231 cells. CD40
of the enhancer region. The fact that depletion of BRG1 abol- engagement could obviously up-regulate histone acetylation
ished HAT activity assembled at the HS1/2 enhancer further at HS1/2 enhancer={g. 2A, panel 3). Compared to LPS
suggested that histone acetylation at HS1/2 enhancer mightreatment, CD40 signaling yielded the qualitatively simi-
require a favored chromatin conformation. The difference in lar binding patterns of ATP-dependent remodelers (BAF57
abolishment of HAT activity by BRG1 or BAF57 depletion and BRGL1), histone covalent modifiers (CBP/p300 and
suggests that HAT complex might directly contact BRG1.  HDACL1) and transcription activator or co-activator (NB-

or CBP/p300) to the HS1/2 enhancer. Alteration of H3 and
3.3. Mutual chromatin remodeling of HS1/2 enhancer in H4 acetylation was also qualitatively comparalfég( 2A,
Vivo right column). Whether the unique acetylation patterns of H3

and H4 are the consequence of SWI/SNF remodeling or the

The above assays utilized a synthetic HS1/2 probe to prerequisite for SWI/SNF dissociation from HS1/2 enhancer

recruit the chromatin remodelers analogous to the studiesremains to be investigated.
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Fig. 2. Chromatin remodeling of HS1/2 enhancer and IgG2b germline promoter. (A) ChIP assays of HS1/2 enhancer. Chromatin from cells treated (+) or not
treated {) with LPS (lanes 1 and 2) or anti-CD40 antibody (lanes 3 and 4) were immunoprecipitated with antibodies against BAFSBRES1 (10uL),

Ac-Lys (5pL), Ac-H3 (3pL), Ac-H4 (3uL), anti-CBP (1QuL), HDAC1 (10pL) and NF«B (10uL) as indicated. PCR reactions were then performed to
determine the amount of HS1/2 fragment precipitated by each antibody. Control ChIP was carried without addition of any antibody (no Ab). Art equivalen
of 0.5% chromatin lysates used in each ChIP reaction was taken out as internal control of PCR reactions (input). The panels were the representation of :
least three independent ChIP analyses. (B) ChIP assays of IgG2b germline promoter. Chromatin precipitated in (A) was subjected to PCR armjpidication u
primers specific to IgG2b germline promoter (Sect®nThe panels were the representation of at least three independent ChIP analyses. The ap2tunt of
germline transcript (}2b) before and after LPS (lanes 1 and 2) or anti-CD40 (lanes 3 and 4) treatment of WEHI 231 cells were assessed by RT-PCR and that
of B-actin in parallel as an internal control.

3.4. Mutual chromatin remodeling of IgG2b germline and bound at thg2b germline promoter after immature B
promoter and HS1/2 enhancer in vivo WEHI 231 cells were activated by LPS. Early studies suggest
that activation ofy2b germline transcription is prerequi-
Mitogens and cytokines determine the specificity of CSR site for LPS-induced IgG2b class switching recombination
(Chaudhuri and Alt, 2004; Stavnezer, 2008hich requiresa  (Lutzker et al., 1988 Although WEHI 231 cells are sterile
coordinated activation of S region promoters and their acces-for CSR, they express normal amounts of AID and subopti-
sibility controlled by the 3IgH enhancerAndersson et al.,  mal germline transcription of IgG2iSpillmann and Wabl,
1999, 2000; Grant et al., 1996; Laurencikiene et al., 2001; 2004). LPS led to increaseg2b germline transcription as
Michaelson et al., 1996; Pinaud et al., 2001; Saleque et al.,revealed by RT-PCR analysis of th@b germline transcript
1999; Shi and Eckhardt, 2001; Zelazowski et al., 2000 (Fig. 2B, bottom panel), reminiscent of the observation in
is, therefore, critical to investigate how germline promot- primary B cells Lutzker et al., 1988; Strom et al., 199
ers of S regions are regulated by chromatin remodelers inthe meantime, LPS could slightly increaset{o-fold) his-
response to different activation signals. ChlIP assays showedone acetylation of the promoter regiofiq. 2B, panel 3).
that, in contrast to what we observed with HS1/2 enhancer, As indicated in previous studies with WEHI 233gillmann
LPS caused increased binding of BAF57 and BRG1 to the and Wabl, 200¥% whether such a minor increase in histone
v2b germline promoterig. 2B). It is, therefore, very likely acetylation ang/2b germline transcription by LPS could lead
that SWI/SNF complex disengaged from the HS1/2 enhancerto productive CSR remains unknown. Moreover, H3 and H4
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acetylation at they2b germline promoter was opposite to CDA40 crosslinking at HS1/2Hg. 3A), while acetylation of
that at the HS1/2 enhancer, with H3 becoming hypoacety- H3 K9 was upregulated upon LPS stimulation but remained
lated and H4 hyperacetylated after LPS stimulatkig (2B). at the basal level upon CD40 engagemdtig( 3A). This
Correlating well with the increase in acetylation, HDAC1 result suggested that H3 K9 acetylation might be specific
exhibited reduced binding to the promoter in response to to LPS signaling while H3 K14 hyperacetylation could be a
LPS. CBP/p300, unlike that at the HS1/2 enhancer, showedshared mechanism for LPS and CD40 signaling at HS1/2. On
no obvious change before or after LPS activation, suggestingthe other hand, acetylation of H4 K5 and H4 K8 remained
that other HAT might involve in histone acetylation at the constant at the basal level, while H4 K12 and K16 become

promoter.

hypoacetylated in response to LAE. 34). Although CD40

Previous studies suggest that, instead of the required com-crosslinking caused overall down-regulation of H4 acetyla-

binatorial effect of different cytokines, activation of CD40

tion at HS1/2 Figs. 2A and 34, a slight increase in acety-

signaling alone can turn on germline transcription, CSR and lation of H4 K5 and H4 K16 was observed, while those of

secretion of IgG2b in vitrol(aurencikiene et al., 2001; Strom
et al., 1999. This, therefore, simplified our assay of chro-
matin remodeling by TD signals in specific regulation of
CSR. Like that of LPS, CD40 could indueg@b germline
transcription in WEHI 231 cellsHig. 2B, bottom panel) and
ChIP analysis showed that the chromatin modeling profile
was qualitatively similar to LPS at the same germline pro-
moter Fig. 2B).

These results, therefore, implied that both TD and Tl sig-
nals could alter the chromatin conformation of HS1/2 and
v2b germline promoter in WEHI 231 cells. For the same

K8 and K12 remained unchangefid. 3A). This apparent
conflict between site-specific acetylation increase and over-
all H4 acetylation decrease suggested that residue(s) other
than K5, K8, K12 or K16 might exist and contribute to
down-regulation of H4 acetylation for CD40 signaling. Alter-
natively, since we only detected HDAC1 at the HS1/2 upon
CD40 engagemenk(g. 2A), other HDAC(s) might exist that
increase the acetylation turnover rate of K5 and K16 to yield
overall reduction of H4 acetylation.

Analogous ChIP assays of site-specific acetylation were
also performed at the2b germline promoter. Marginal

acting element, there existed a complementary associatiorreduction of acetylation at H3 K14 was observed for both
of SWI/SNF complex and HAT in response to either LPS LPS and CD40 signaling, while decreased or increased H3
or CD40 crosslinking, suggesting diverse functions for these K9 acetylation was shown for either LPS or CD40 activa-

chromatin remodelers for CSR. Moreover, H3 and H4 acety- tion (Fig. 3B). This result suggested that status of H3 K9

lation exhibited asynchronic patterns, with H3 hyperacety-
lation and H4 hypoacetylation coinciding with dissociation
of SWI/SNF complex from HS1/2 and H3 hypoacetylation
and H4 hyperacetylation concurring withincreased SWI/SNF
binding to they2b germline promoter. These results strongly

acetylation might determine the specificity of LPS or CD40
signaling, while H3 K14 hypoacetylation could be a shared
mechanism for both LPS and CD40 at ty#zb germline pro-
moter. On the other hand, while H4 K5 and K12 remained
at basal acetylation levels, both LPS and anti-CD40 caused

imply that differential yet specific chromatin remodeling
might involve in regulation of CSR.

hyperacetylation of H4 K8 and K16-{g. 3B). Therefore,
hyperacetylation of H4 K8 and K16 might be a shared mech-
anism for both LPS- and CD40-induced CSR at &b
3.5. Site-specific acetylation at HS1/2 and y2b germline germline promoter.

promoter

A growing body of evidence indicates that site-specific 4. Discussion
covalent modification of the histone N-terminal tails under-
lies distinct regulation of gene expressiaiejuwein and
Allis, 2001; Peterson and Laniel, 2004; Strahl and Allis, chromatin higher order folding and is believed to play a crit-
2000; Turner, 2002 Either LPS or CD40 can induce CSR of ical role in CSR. Our data suggested that BAF57 and BRG1,
IgG2b in resting B cells and in Ablson virus transformed two essential subunits of the SWI/SNF complex, are differ-
cell lines and our data showed that these stimuli yielded entially associated with essentiad-acting elements of CSR,
the similar patterns of SWI/SNF remodeling and histone HS1/2 enhancer and IgG2b germline promoter in response to
acetylation at HS1/2 ox2b germline promoter in WEHI  TD and TI signals. LPS stimulation and CD40 engagement
231 cells. To determine how these seemingly non-specific caused the SWI/SNF complex to dissociate from the HS1/2
chromatin remodelings responded to different CSR signals, enhancer and associate with the 1gG2b germline promoter,
we went further to assess whether the signaling specificity suggesting the potential fluidity of chromatin structure and a
was embedded in the H3 and H4 acetylation marks of eachspecific regulatory mode for the ATP-dependent chromatin
lysine residue critical to transcription activation. ChIP anal- remodeler during CSR. On the other hand, increase of over-
ysis using antibodies to site-specific acetylated Lys in H3 all histone acetylation was either inverse or parallel to the
and H4 was performed similarly to previous studies at the action of SWI/SNF complex at HS1/2 or the IgG2b germline
IFN-B promoter Agalioti et al., 2002. The results showed promoter, respectively. The alteration of histone H3 and H4
that H3 K14 became hyperacetylated in response to LPS andacetylation in response to TD and Tl signals shared overall

Chromatin remodeling controls the extentand dynamics of
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LPS oCD40 LPS aCD40

- + - + - + - +

= - H3 AcK14 = = H3 AcK14
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= = H4 AcK8 n = H4 AcKs8

- H4 AcK12 - - H4 AcK12

= - H4 AcK16 - - H4 AcK16
B 1 2 3 4

(A) 1 2 3 4
Fig. 3. Site-specific acetylation of H3 and H4 at HS1/2 and IgG2b germline promoter. (A) ChIP assays of HS1/2 enhancer. Analogous ChIP analyses were
performed as ifrig. 2A except that additional antibodies as indicated, anti-H3Ac9, anti-H3Ac14, anti-H4Ac5, anti-H4Ac8, anti-H4Ac12, anti-H4 At)6 (5
were used. Each panel represented one of at least three independent reactions. (B) ChIP assays of IgG2b germline promoter. Analogous Chie analyses w
performed as ifrig. 2B except that additional antibodies as indicated, anti-H3Ac9, anti-H3Ac14, anti-H4Ac5, anti-H4Ac8, anti-H4Ac12, anti-H4 At)6 (5
were used. Each panel represented one of at least three independent reactions.

H3 AcK9

H4 AcK5

No Ab

similarity, with H3 hyperacetylated and H4 hypoacetylated eling is required for the subsequent recruitment of HATs for
at the HS1/2 enhancer and reversed modification patterns amitotic gene expression in yeas$iry and Peterson, 2001
the 1I9G2b germline promoter after WEHI 231 cells encoun- Indeed, kinetic analysis of the recruitment of SWI/SNF and
tered activation signals. Finally, the specificity of TD and TI HAT complex to a yeast Gal 4 reporter promoter in mam-
signaling in control of CSR could be partially revealed by malian cells indicates that, except for TRRAP, there is a delay
the subtle yet specific acetylation marks of N-terminal tails of HAT (GCN5, CBP/p300 and PCAF) binding to the pro-
of H3 and H4. In the meantime, it is interesting to investi- moter (Memedula and Belmont, 20D3Recruitment of chro-
gate the correlation between differential acetylation patterns matin remodeling complexes activates transcription initiation
of H3 and H4 and association of the SWI/SNF complex with synergistically. However, binding of the SWI/SNF complex
the HS1/2 enhancer or the IgG2b germline promoter during and increased acetylation at the HS1/2 enhancer seemed to
B cell activation. be mutually exclusive at HS1/2. It is likely that alteration
ATP-dependent and ATP-independent chromatin remod- of DNA topology by the SWI/SNF complex might provide
eling function in concert to regulate transcription. The order a sufficient time window for recruitment of HAT and other
of recruitment of these remodeling complexes is specific transcription factorsHry and Peterson, 20D&nd increased
to the temporal and spatial regulation of gene expressionacetylation at HS1/2 appeared to facilitate the loading of the
(Felsenfeld and Groudine, 2003; Peterson and Laniel, 2004 SWI/SNF complex from HS1/2 to the IgG2b germline pro-
In sharp contrast to those at interferpmpromoter and yeast  moter for specific CSR upon CD40 or LPS stimulation. Alter-
PHO8 promoter in which acetylated histones may provide natively, pre-occupation of HS1/2 by the SWI/SNF complex
specific docking sites for the SWI/SNF compleXgg@lioti might provide a repressive checkpoint for CSR in WEHI 231
et al., 2002; Reinke et al., 20Qlour results indicated that cells. It is well established that BRG1 can involve in tran-
SWI/SNF complex would increase the accessibility of HATs scriptional repressiorHendricks et al., 2004; Martens and
to the HS1/2 enhancer during B cell activation. This is remi- Winston, 2002; Murphy et al., 1999so, the inactive state
niscent of the notion that ATP-dependent chromatin remod- of HS1/2 in immature WEHI 231 cell$\fulampalam et al.,
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