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The developmental activation of the chicken lysozyme
locus in transgenic mice requires the interaction of a
subset of enhancer elements with the promoter
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ABSTRACT

The complete chicken lysozyme locus is expressed in

a position independent fashion in macrophages of
transgenic mice and forms the identical chromatin
structure as observed with the endogenous gene in
chicken cells. Individual lysozyme cis-regulatory
elements reorganize their chromatin structure at differ-
ent developmental stages. Accordingly, their activities
are developmentally regulated, indicating a differential
role of these elements in locus activation. We have
shown previously that a subset of enhancer elements
and the promoter are sufficient to activate transcription

of the chicken lysozyme gene at the correct develop-
mental stage. Here, we analyzed to which grade the
developmentally controlled chromatin reorganizing
capacity of cis-regulatory elements in the 5 ’'-region of
the chicken lysozyme locus is dependent on promoter
elements, and we examined whether the lysozyme
locus carries a dominant chromatin reorganizing
element. To this end we generated transgenic mouse
lines carrying constructs with a deletion of the lyso-
zyme promoter. Expression of the transgene in macro-
phages is abolished, however, the chromatin
reorganizing ability of the  cis-regulatory elements is
differentially impaired. Some  cis-elements require the
interaction with the promoter to stabilize transcription
factor complexes detectable as DNase | hypersensitive
sites in chromatin, whereas other elements reorganize
their chromatin structure autonomously.

INTRODUCTION

positions ofcis-regulatory element§l,2). This may generate
DNA conformations accessible only for certain transcription
factors, since some of them are unable to bind to recognition
sequences which are organized within a nucleosoma{e6g.

It was further suggested that by binding on a nucleosomal surface,
regulatory proteins are aligned into defined orientations
(3,4,6-11). Promoters as well as enhancers can be organized in
specific nucleosomal conformatio(l2—16). The mouse serum
albumin enhancer is organized in an array of three positioned
nucleosomes, however, only in liver chromatin, where the
enhancer is active and bound by transcription factors. Here,
nucleosome positioning is determined by DNA binding factors
which stabilize one of three translational positiqtad,17).
Chromatin remodeling during gene locus activation seems to be
influenced by several different mechanisms. For example, the
acetylation of histone N-termini facilitates transcription factor
binding (18,19). Furthermore, enzymatictiaities have been
identified that assist transcription factors to reconfigure chromatin in
an ATP-dependent manner. These include the SWI/SNF complex
of yeast and related complexes of higher organ{2ms24).

How are such chromatin reconstruction processes initiated, and
by which cisregulatory elements are they controlled? Earlier
investigations of promoter mutants in the yeast HSP82 gene
demonstrated an uncoupling of transcription from DNase |
hypersensitive site (DHS) forrian, since a DHS is formed at a
promoter, which is inactivated by a mutation (25). In contrast,
experiments analyzing constructs of the chidkeytobin gene in
transgenic mice demonstrated that DHS formation at the
3'-enhancer/locus control region (LCR) was shown to be
dependent on the presence of a promoter within or adjacent to the
transgene (26). €ent studies aimed at clarifying the role of
enhancers in chromatin present evidence for a probability model of
enhancer activatio(27—-29). In this model, enhancers increase

Different types of regulatory mechanisms contribute to the tissuéie probability of forming a stable transcription complex at the
and development-specific regulation of a gene. It has long bepromoter by antagonizing repressive chromatin structures. Experi-
known that upstreagis-regulatory elements binding a variety of ments supporting this idea showed that the formation of a DHS at
trans-acting factors and promoters directing assembly of than enhancer element is an all-or-none mecha(8&n Similar
basal transcription machinery, are essential for correct gengles guide chromatin reconfiguration in more complex systems.
activation. In recent years, it has emerged that the chromaflie LCR is essential for the formation of active chromatin in the
structure of eukaryotic genes may present an efficient additionaliman-globin locus(31-34). It ould be shown that the LCR,
regulatory layer of gene expression. Nucleosomes in regulatomhich is composed of several individual DHS, is able to switch
regions of eukaryotic genes are often precisely placed at crucitd interaction between different promoters. The stability of
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LCR—promoter interaction is dependent on the completeness @bning step asph—Xbd fragment (Sp2—X4) from poly lllilys
the LCR (35,36). However, the molecular details of LCR—prowas cloned into pllliIUTR cleaved witeph andXbd (55). The
moter interaction have not yet been elucidated. resulting construct was cleaved wahl, and theSal fragment

The lysozyme gene is specifically expressed in the myeloicovering the 3half of the lysozyme locus was cloned into
lineage of the hematopoietic system and is regulated by lliP-S3S4 cleaved witlSal. The resulting construct as well as
combination of severals-regulatory elements, all located in the plllilys were cleaved wittSpé. The Spe fragment in plllilys
5'-half of the locus. The complete chicken lysozyme locusovering the promoter was exchanged againsspldefragment
carrying the full set of regulatory elements is expressed at a highiginating from the promoter-less construct. To generate a
level and independent of the genomic integration site inniqueSal site at +1, the'3Sal site from the pllli polylinker was
transgenic mice (37). Three enhancers, 6.1, 3.9 and 2.7 kiutated.
upstream of the transcriptional start site, as well as a negative
regulatory (silencer) element at —2.4 kb and a complex promotgfansgenic mice and cell culture
(38-45), have been id#fied. All activecis-regulatory elements _ ) )
colocalize with DHSs in chromatin (46-50). e of one Production of the P— transgenic mouse lines by pronuclear
enhancer region abolishes position independence of expressiBigction of DNA was essentially performed as describ¢g6h
(51). Repression of gene expression by genomitigosffects First-generation heteroz_ygous_ mice fr_om the founders P-0, P-1,
is correlated with suppression of DHS formation and leads to &4 Were examined for intact integration and construct integrity
inefficient reorganization of nucleosomes in ttisregulatory RY Southern blotting. Copy-numbers were calculated from
regions (15,52) ridicating that active chromatin formation and Southern blots as described8Y) with the help of a phphor-
transcriptional activity are closely linked. According to theirimager. Expression and chromatin analysis were performed with
developmental stage of activation, the individual enhancer elemef@M0ZYygous progeny. Transgenic mouse lines carrying construct
of the lysozyme locus can be categorized into early or latg> (51) were keptas homygous lines in our own mouse colony.
enhancers. The early enhancers at —6.1 and —3.9 kb and fj#nary macrophages were prepared from the peritoneal cavity
promoter become DNase | hypersensitive at the myeloblast sta@fdfansgenic mice and were stimulated with bacterial lipopoly-
when the gene is transcriptionally activated. The DHS at thgAccharide (LPS) as describ@). For each transgenic mouse
silencer element is still present. The DHS at the late —2.7 KI5 ce,lls from 12-20 mice were taken in culture in standard
enhancer appears only later in differentiation, at the promacrophdg&0ve’s medium supplemented with 10% fetal calf serum (FCS)
stage, simultaneously, the —2.4 kb silencer disapd&d9). a}nd 10% L-cell conditioned medium for 1§3v). Embyonic
Together with the promoter, each enhancer is capablé\aiti fibroblasts were prepared from mouse embryos 12 days after

the gene locus specifically in mature macropha@s53). fertilization as described earli€s2). HD11 cells were grown in
However, the temporal regulation of theitiity is different, since  Standard Iscove’s medium containing 8% FCS and 2% chicken

the early enhancers and the promoter are sufficient to activate #fgUm-
chicken lysozyme gene at the correct, early developmental stage, . )
whereas a deletion of the early —6.1 kb enhancer leads to a delARRNA expression analysis

in gene activation (53). This indicates that the early enhancers gﬁeparation of MRNA and the S1 protection analyses were

responsible for the activation of the lysozyme locus in ear%erformed as described in (37). For RT-P&Rlysis primary

macrophage precursor ceIIs.. . o peritoneal macrophages were cultured as described above for 1
To understand the contribution of individuels-regulatory day. Where indicated, the samples were treated by adding

elements to locus activation, it is important to elucidate the Al ; ;
. ) ' X . ) “bacterial | I h LP pBml. Total RNA
mutual dependencies with regard to their chromatin reconﬁgurath)%i(;ui;cS ?ggalggpl?s)i/r? g COC Sarrrl]?eRﬁ\] A%ISETI;)OE;CX Lak;)o?atori es

capacities. In particular, we wanted to know whether chromatiy .y 5ccording to the manufacturer’s instructions. cDNA of
in the B-regulatory region of the lysozyme locus can b

; X > Ssolated total RNAs from the different samples was prepared
reorganized in the absence of a promoter. To this end, Vﬂ%ing random hexamers as primers and Moloney Murine

generated transgenic mouse lines carrying a chicken Iy_sozyrpgukemia Virus Reverse Transcriptase (Gibco-BRL) in a reaction

gene domain without the promoter region. While deletion of e of 2041 under conditions recommended by the manufac-

promoter sequences completely abolishes expression of g 11y ynits of Ribonuclease Inhibitor (Gibco-BRL) were

transgene, DHS formation at the differeistregulatory regions  5qeq per reaction. cDNA was subsequently heatec®® 20

is differentially impaired. The early enhancers require thg iy g inactivate reverse transcriptase. To ensure the use of

interaction with the promoter for chromatln reco”f'gurat'on'comparable amounts of RNA and cDNA for the different

whereas the late enhancer and the silencer do not. samples, the relative expression level of the HPRT gene was used

as a standard for calibration. After measurement of HPRT

MATERIAL AND METHODS expression 1:10 dilutions of the corresponding samples were used
. : . to determine the expression level of mouse lysozyme and the

Construction of plllilys P transgene. Primers used were: HPRICBCAGGACTAGAA-

The promoter-less lysozyme locus (plllilys P—) was constructeBACCTGC-3; 5-GCTGGTGAAAAGGACCTCT-3; mouse-

by cloning a PCR generated fragment, covering the regidgsozyme (m-lys): 5ACCCAGCCTCCAGTCACCAT-3

between +1 and +250 bp, blunt into tBedRV site of vector 5-CAGTGCTTTGGTCTCCACGG-3 chicken-lysozyme (c-lys):

poly i (54) (construct pllliIUTR)The B-PCR primer contained 5-GATCGTCAGCGATGGAAACGGC-3 5-CTCACAGCCG-

an extension with&al site. Inasecond cloning stepa5.®dd = GCAGCCTCTGAT-3. HPRT-PCRs were performed with

fragment (S3-S4) from plllilyg37) was inserted into the 1.25 mM MgC}and 18 pmol of each primer. PCRs for mouse-lyso-

juxtaposedsSad of plllIUTR and named pllliP-S3S4. In a third zyme were performed with 1.25 mM Mg@ind 15 pmol of each
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primer, whereas chicken lysozyme PCRs were performed wWiRESULTS

1.0 mM MgCbh and 15 pmol of each primer. To every PCR

reaction, 1ul of the corresponding cDNA dilution was added. The generation of transgenic mouse lines carrying a chicken
PCR reactions were done in a total volume gfii3hd with 1.5U  |ysozyme locus without a promoter

Taq polymerase (Gibco-BRL). PCRs were carried out in a

Trio-Thermoblock (Biometra) using a regimen of @4for 40 s,  To examine the consequences of the removal of the chicken
55°C (HPRT) or 62C (m-lys and c-lys) for 40 s and &2 for  |ysozyme promoter on gene expression and the chromatin
1 min for 35 cycles. Samples were loaded onto a 6% PAG. G&lgucture of the "sregulatory region, we generated three transgenic
were stained with ethidiumbromide and photographed undgfiouse lines (P-0, P-1, P-4) carrying different copy numbers of a
245 nm UV ight. chicken lysozyme locus in which sequences between —830 and +1
had been deleted (Fig. 1A). The deletion removes all three TATA
and C/CAAT boxes (57) and all upstream roptrage-specific
Nuclei preparation factor binding site¢58,59) as well as sequences covering the
DHS at —0.7 kb. Theis-regulatory function of this DHS is up to
: - . .how unknown. Mouse line XS.0b, carrying the XS construct
glllJDC(I)ian(\:lteerﬁopr:]eopaerﬁg gﬁliﬂobrﬂﬁgfg'fén% %t&ridgfruisnzn (')Cg mt’iontaining allcisregulatory elements which is expressed at a high
9 i P e vel and in an integration-site independent manner in macro-

spermidine, 15 mM Tris—HCI pH 7.5, 60 mM KCI, 15 mM NacCl, X .
phages (51) was analyzed fobmparison. Thecis-regulatory
f20m)we%D&Aégﬁ?riﬁgaﬁng%rSE? %m'\gtsf&ggz(f’ ;Cmmuill\gismelements of the lysozyme locus are successively activated in
- P ) macrophage differentiation as schematically depicted in Figure 1A
were washed once in buffer 2 (buffer 1 + 0.5% Triton X-100) 15,49). We analyzed transgene expression and chromatin structure

followed by a wash in buffer 3 (buffer 1 but with 350 mM sucroséP ) . :
. : : . f mature peritoneal macrophages, representing the active express-
instead of 500 mM). After this wash nuclei were centrifuged fo|on status of the transgene in the mouse, as well as in embryonic

5 min at 60Q at 4°C. fibroblast cells representing a lysozyme non-expressing cell type
(Fig. 1B)(15).

DNase | and MNase digestion analysis

Deletion of lysozyme promoter sequences abolishes transgene
Aliquots of 2x 107 to 1x 1 nuclei in 100-20Ql of buffer 3  expression
were centrifuged for 5 min at 600 g antiC4and thereafter
resuspended in buffer 4 (0.15 mM spermine, 0.5 mM spermidink a different study examining the influence of promoter deletion
15 mM Tris—HCI pH 7.5, 60 mM KCI, 15 mM NacCl, 0.2 mM on the chromatin opening capacity of the chicl@globin
ETDA, 0.2 mM EGTA). DNase | digestions were performed in3'-enhancer/LCR (26), two of six transgenic mouse lines were
500ul buffer 4. To 2x 10/ nuclei 0, 4, 10, 20 and 40 U/ml DNase | found to express transgene encoded RNA, presumably starting
(Pharmacia) were added. HD11 nuclei were digested with 24 U/fibm an adjacent mouse promoter. Such ‘read through’ transcrip-
DNase I. Digestion was started by adding 4 mM Mg@td 2 mM  tion obviously influenced the chromatin structure of the remaining
CacCb. Incubations (15 min,“4C) were stopped by adding il0  enhancer/LCR region and led to strong DNase | hypersensitivity.
0.5 M EDTA. MNase digestions were performed in @DBuffer  In order to exclude such an artificial expression which would
4. To 2x 10/ nuclei 0, 15, 80 U MNase (Pharmacia) were addednfluence chromatin reconfiguration at ttisregulatory elements,
Digestion was started by adding ilDCaCh (100 mM) and we examined numerous tissues of P— mice for the presence of
stopped after incubation (5 min, Z5) by the addition of 1Ql lysozyme mRNA by Sl-protection analysis (Fig. 2A, lanes
0.5 M EDTA. Digestion of naked genomic DNA with MNase was2—25). S1-analysis detected no lysozyme mRNA in any of the
performed in 15@I 10 mM Tris—HCI pH 7.5 with 0.2—6.4 U/ml analyzed tissues of the investigated mouse lines. To exclude weak
MNase. Incubations (15 min, 26) were started by adding lb  or antisense transcription initiated from a nearby promoter, we
CaCb (10 mM) and stopped with 5 50 mM EDTA. After  used the highly sensitive RT-PCR method to measure chicken
DNase | or MNase digestion, nuclei were lysed in 00 lysozyme mRNA levels in macrophages of P— mice. Maximal
Tris—HCI pH 8.0, 2 mM ETDA, 0.2% SDS, 0.5 mg/ml Proteinasdranscriptional activation of the intact chicken lysozyme gene is
K and incubated overnight at 3Z. RNase A (0.2 mg/ml) was achieved by treatment of macrophages with LPS, whereby all
then added and after a further incubation &C3for 1 hthe DNA  cis-regulatory elements except the —3.9 kb enhancer are LPS-
was precipitated three times with ethanol. Digested DNA wagsponsivg€51,58,60). We therefore measured expression levels
cleaved with restriction enzymes for indirect endlabellingn LPS-stimulated (Fig. 2B; lanes 5, 7 and 9) and non-stimulated
analysis and 7-30g of fragmented DNA were loaded on 3 mm (Fig. 2B; lanes 4, 6 and 8) macrophages of all P— mouse lines in
thick vertical 1% agarose gels (DNase | analysis) or 10 mm thiddomparison to that of the XS.0b mouse line (Fig. 2B; lanes 2 and
vertical 1.5% agarose gels (MNase analysis). The DNA wa3). As controls, the expression levels of the endogenous
transferred to Biodyne B membrane and the filter was hybridizedouse-lysozyme gene and the HPRT gene were measured. In
with an appropriate probe for indirect endlabelling. For DHS¢ontrast to the strong signal detected in XS.0b macrophages, in P—
analysis, probe A (1.65 Khindlll fragment) and probe B (0.29 kb mice no transgene RNA was detectable, neither in LPS stimulated
Hindlll fragment) were used. For MNase analysis, probe hor in non-stimulated macrophages. We therefore conclude that
(SpH-Spé fragment from —-3163 to —2906 bp), probe 2our promoter deletion completely abolished mRNA synthesis
(Drall-SpH fragment from —3424 to —3163 bp) and probe 3and, secondly, that no read-through transcription is detectable
(Sad—BanH]I fragment from —6492 to —6331 bp) were used. from juxtaposed promoters.
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Figure 1. Transgenic mouse lines carrying a chicken lysozyme locus construct lacking the promoterAgtippe( panel: map of the complete chicken lysozyme
locus with the coding region (large white baij-regulatory elements (at the top), DNase | hypersensitive sites (DHSs, vertical arrows). The short vertical arrows
present constitutive DHSs, the black vertical arrow indicates the DHS at the silencer element (only absent in mature s)atirepgnagearrows display the DHSs

that appear at the myeloblast stage and the light grey arrow the —2.7 kb enhancer DHS that appears late (in mature mEcegtay=s)element; S, silencer
element; P, promoter elements. Middle and lower panel: size the two different constructs (XS, P-) analyzed in transgéeigapde.the P— construct indicates

the promoter-deletion spanning from +1 to —-830 BpNames of the different mouse lines, copy numbers, cell types investigated and qualitative expression status
Md, macrophage; emb.fib, embryonic fibroblast.

The —2.4 kb silencer and the —2.7 kb enhancer form DHSs lanes 15-17) the MNase pattern is identical to that observed in
and rearrange chromatin independently of the presence of  lysozyme non-expressing cells (15); however, in concordance to
promoter elements the DHS mapping in macrophages of all P— mouse lines,
chromatin structure is rearranged towards that of lysozyme
In macrophages of mouse line XS.0b in which the chickesxpressing macrophages (Fig. 4A, lanes 6-14). Transcriptional
lysozyme transgene is expressed at a high level, DHSs at thetivation leads to an increasing accessibility of MNase cleavage
promoter, the —2.4 kb silencer, the —2.7 kb enhancer, the —3.9 $ites at —2685, —2765 and —2800 bp, which indicates the formation
enhancer and the —6.1 kb enhancer are detectable (Fig. 3A an@dBan active enhancer as displayed by XS.0b macrophages, where
lane 7, respectively; Fig. 4B, lane 21), whereas in lysozymiae gene is highly expressed (Fig, 4A, lanes 18-20). Simultaneously,
non-expressing embryonic fibroblasts only the DHS at the —2.4 kb decreasing accessibility of the cleavage sites at —2480 and
silencer element is visibl®2). We analyzed the capacity of the —2830 bp, indicative for the inactivation of the silencer element,
differentcisregulatory elements (with the exception of the —3.9 klis observed. However, in P— mouse macrophages these alterations
enhancer) to form a DHS and thus stably bind transcription factof MNase cleavage site accessibility are less prominent than in
complexes in macrophages of the three different P— mouse lin€S.0b macrophages, demonstrating that chromatin reorganization
(Fig. 3A and B). The formation of a DHS at the —2.4 kb silencedoes not occur on all gene copies. We therefore observe that
is unaffected, an observation which confirms preliminary experiMNase cleavage patterns, indicative for transgenes exhibiting
ments performed in stably transfected cell culture cells (6Jgither the chromatin structure of expressing cells or that of
(Fig. 3A). We also observed the formation of a DHS at the —2.7 kimn-expressing cells, are superimposed on each other. Such
enhancer. However, its relative signal-intensity as compared mixed cleavage patterns are due to an impediment of nucleosome
the —2.4 kb DHS is weaker than in the promoter-containing gemeorganization as a result of genomic position effects, as we have
digested to a similar extent (Fig. 3A, lanes 6 and 7). Idlemonstrated earlier (15).
LPS-stimulated macrophages the DHS at the —2.4 kb silencer

element disappears whereas the DHS at the —2.7 kb enhanggg early enhancers at —6.1 and at —3.9 kb are unable

becomes stronge49,60). This is not observed in P—napiTages, 4 rearrange their chromatin conformation in the
a comparison of the relative signal intensities of the —2.4 and -2.7 %sence of the promoter
e

DHSs revealed no significant differences between LPS-treat
and untreated cells (Fig. 3A, lanes 1-5 and 8-12). The examination of the early enhancer regions at —6.1 and —3.9 kb
In order to get further insights into the chromatin structure died to a completely dissimilar result. We reprobed the same filter
the —2.4 kb silencer/-2.7 kb enhancer region at a resolution highesed in Figure 3A, however, we were unable to detect DNase |
than that of the DHS mapping experiments, we examined thig/persensitivity at the —6.1 kb enhancer (Fig. 3B, lanes 1-5, 8-12
area by MNase digestion analysis (Fig. 4). Using the sanand 13-17), in contrast to the situation observed in transgene
method (15) we ould previously show that the —2.4 kb macrophages with an intact chicken lysozyme gene construct

silencer/-2.7 kb enhancer region is covered by several specificallyig. 3B, lane 7; Fig. 4B, lane 2(52). MNase-analysis of the

positioned nucleosomes, which are indicated by a pattern €6.1 kb enhancer region in lysozyme non-expressing cells of P—
regularly spaced chromatin specific MNase cuts as indicated imice shows a series of chromatin-specific MNase cuts in the
Figure 4A. In embryonic fibroblasts of P-0 transgenic mice (Fig. 4Aegion between —5945 and —6130 bp which were indistinguishable
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Figure 2. mRNA expression analysis of P— mouse lin&} Hxpression of the alaments E E E 5 WE P

chicken lysozyme gene in different tissues of three P— transgenic mouse line:
Total RNA (20ug) was analyzed in an S1 protection assay with probes specific
for chicken lysozyme (upper panel) or mofiszctin (lower panel) as described

in Materials and Methods. Abbreviations above lanes 2-25 indicate the . .
investigated tissues/cell types. L, liver; H, heart; K, kidney; Lg, lung; S, spleen; Figure 3. P—mouse lines display DHS at the —2.7 kb enhancer but not at the
B, bone marrow; T, thymus; # peritoneal macrophage. Lane 1 (), no RNA; —6.1 kb enhancerAj Nuclei were prepared from untreated P-O macrophages
lane 26, HD11 cells stimulated with LPS. The numbers at the right indicate the (@nes 1-5; 30ug DNA/slot) and P-0 macrophages (lanes 8-12;u80
positions of the three major start sites at the lysozyme promoter 7). ( DNA/slot), P-1 macrophages (lanes 13-171g7DNA/slot) and P-4 macro-
Expression of the chicken lysozyme transgene, the endogenous mous@hages (lanes 18-22; 14 DNA/slot), stimulated with LPS, respectively.
lysozyme and the HPRT gene measured by RT-PCR. Lanes 2 and 3, Xs_oﬁgnomlc DNA was dlgeste(_j vv_|th |ncreasmg_amounts of DNase |, restricted
macrophages; lanes 4 and 5, P-0 macrophages; lanes 6 and 7, P-1 macrophagédth EcaR| and analyzed by indirect endlabelling. As reference we used DNA
lanes 8 and 9, P-4 macrophages; lanes 1 and 10, size markers (M); lane 11, ryepared from chicken HD11 nuclei which was digested to a similar extent
cDNA. Cells were stimulated for 12 h with LPS where indicated. DNase | (24 U/ml DNase I) and restricted wifleaR| (lanes 6 and 23; 3@y DNA/slot)
treated or untreated RNA revealed identical results. Note that RT-PCR signals@d XS.0b mouse macrophage nuclei which carry the intact transgene, digested
with XS.0b macrophages are generated by cDNA concentrations far above théith 5 U/ml DNase | and further restricted withaRl (lane 7; 1Qug DNA/slot).

ones required to be in the linear range of the PCR reaction, since only marginaf*t the right the positions of the DHSs are displayed. The filter was hybridized
LPS induction is visible. PCR with more diluted cDNA samples demonstrated With probe A. B) The filters used in (A) were reprobed with probe B. Lanes 6
significant LPS inducibility (data not shown). The fragments sizes amplified @nd 18, HD11 cells; lane 7, XS.0b macrophages. At the right the positions of
are: chicken lysozyme 101 bp (unprocessed RNA would be 180 bp); mousethe DHSs are displayeCY Map of the lysozyme gene construct with relevant
lysozyme 228 bp; HPRT 249 bp. restriction sites, positions of probes, positions of all DHSs in the chicken
lysozyme gene andis-regulatory elements. Striped box, promoter deletion
from —830 biBad restriction site to +1 bp; E1-EB¢dRI sites in the lysozyme
construct; black boxes (A, B), probes used in the DHS analysis relative to the
EcaRl restriction sites; E, enhancer element; S, silencer element; HRE,
élormone responsive element; P, promoter elements.

from the ones observed in embryonic fibroblasts of XS.0b mic
(schematically indicated in Fig. 4C, left panel) (15). This pattern

is rearranged in XS.0b macrophages (Fig. 4C, lanes 18-20), the

most prominent differences being the disappearance of a bandsatlearly different from these, here a strong reduction in intensity
—5945 bp and an increase in intensity of a band at 6130 bp. Téfea band at —3920 bp as well as a increasing accessibility of
—3.9 kb region has not yet been extensively characterized, bdiNase cleavage sites at —3810 and —3740 bp is observed, as
contains a strong enhancer elem@hKriiger and C.Bonifer, compared to lysozyme non-expressing cells (Fig. 4B, lanes 19
unpublished observation). In P— macrophages no chromatimd 20 and 15-17§15). Taken together, our experiments
reconfiguration at the —3.9 kb enhancer towards an activatel@monstrate that in the absence of a promoter the early enhancers
chromatin status is detectable (Fig. 4B, lanes 6—-14). The MNade not rearrange chromatin, although the cells contain the
pattern is indistinguishable from the one found in embryonicomplete transcription factor equipment that normally suffices
fibroblasts. The MNase pattern detected in XS.0b macrophagfes chicken lysozyme gene expression.



Nucleic Acids Research, 1997, Vol. 25, No. 13997

A kS,
M| oA po | P4 | P | PO | X500
s 4580 macr | macr. | macr. |em.dfio. | macr, | =
phl T
sael'Y -s32— Sacl
[ |}
=1 9HRE
AT | v | 2280 3
2480 | e =>4 by g | aem0 _.;.
VRERE | el [T = Al
i =i
3 B3 :-‘
1 2 3 4 § & 7 & 9010 1012031418 1& 17 18 19 20 21 E
Sphi, & I X spni
B
X500 A
sphi—m macr. |g|=
— H
~4200 F b
18 . i
BT | s o it % L]
B o o
- - g Ll .
-3240 . . e #l p
o &
E o - L i
Sehhs % 101112131416 16 1718 19 20 21 22| .31g95PN!
C DHE|
P-d P-1 P-D | X506 E'
5 I'_ mocCr. | macr. MaCr, =
GF;'I&] T ~—
Sphil — 23— Sphil
-5870
.5?
:D
4130
4270
432
chldm

Figure 4.MNase analysis afis-regulatory regions in P— mouse lings) MNase analysis of the —2.4 kb silencer/-2.7 kb enhancer region. Lanes 2—4, MNase digestion
pattern of naked genomic DNA (restricted w&hpH); lanes 6-20, analysis of MNase digestion pattern in the chromatin of transgenic mouse macrophages (macr.
and embryonic fibroblasts (em.fib.). Genomic DNA isolated from MNase- (and DNase |-) digested nuclei was restrigfgtianttSad. Lane 21, DHS pattern

of HD11 nuclei in the analyzed region (symbolized by small grey circles). The chromatin-specific MNase digestion pattetriolysezyme non-expressing cells

of transgenic mice carrying the intact transgene is indicated at the left, that of lysozyme expressing cells on theigghagulamry elements located in the analyzed
region are indicated as striped boxes. Asterisks between lanes mark the MNase cleavage sites with the most signifi¢presgraceyes absence or differences

in the intensity) between transgenic mouse macrophages carrying the intact lysozyme gene (XS.0b) and P- transgenic nhagss nTde gositions of specific
MNase cuts not present in naked genomic DNA are indicated on the map (oval circles). Black oval circles mark MNase efeapagéisifor cells expressing

the transgene. White oval circles indicate MNase cleavage sites that were detected only in lysozyme non-expressingsgelfsooftice. Grey oval circles mark
specific MNase cleavage sites detected in both lysozyme expressing and non-expressing cells of mice with the intadtleansgerste positions indicated on

the map are mean values of at least four independent experiments. Probe 1 is used for indirect endlabelling, its giositexhby imstippled boB MNase analysis

of the —3.9 kb enhancer region. Analysis, description and legends are identical to those in (A) except that probe 2 wiaslitesetidefadlabelling, its position is
indicated by a stippled box. Lane 21, DHS pattern of XS.0b macrophage nuclei in the analyzed region; lane 22, DHS pdtfernudeHB) MNase analysis

of the —6.1 kb enhancer region. Analysis, description and legends are identical to those in (A) except that probe 3 miasivsetidefadlabelling, its position is
indicated by a stippled box. M, size markers; E, enhancer element; S, silencer element; HRE, hormone responsive elemésit;fements.
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Figure 5. Model of locus activation in the intact and promoter-less lysozyme locus'-Tégufatory region of the lysozyme locus is indicated by a line with the black
boxes marking the locations of this-regulatory elements and the striped boxes indicating the position of the first two exons. DNase | hypersensitive sites formin
at the various indicated cell differentiation stages are depicted as differentially patterned shapes which indicatettréactorigtmplexes, which may change their
composition during cell differentiation. We assume that transcription factor complexes form at the different enhanceaptemtmert with the intact promoter
region. A) Chromatin reorganization of the wt-lysozyme loc#; ¢hromatin reorganization of promoter-less constructs. (A and B) Upper panel: structure of the
lysozyme locus in lysozyme non-expressing cells. Only the —2.4 kb DHS is formed. (A) Middle panel: Structure of the lysegymayeloblasts with a low level

of lysozyme gene expression symbolized by the horizontal arrow. The early enhancers and the promoter display an activeatfosmation. The —2.7 kb
enhancer exhibits no DHS and the —2.4 silencer is still hypersensitive. (A) Lowest panel and (B) middle and low parebfdtneditsozyme locus in terminally
differentiated macrophages. In terminally differentiated macrophaggs-@lkément regions display an active chromatin conformation and the gene is expressed at
its maximal level [in (A) symbolized by the large horizontal arrow]. The two-pointed arrow between the middle and the low(Bpdepicts the possibility of
transitions (or cell population heterogeneities) between an activated chromatin structure at the —2.7 kb E—but lessistti#dritesot locus—and the inactive

conformation with a DHS at the —2.4 kb S element.

DISCUSSION likely by direct physical contact, as proposed in Figure 5A.
. , . . Chicken3-globin gene constructs in transgenic mice lacking a

Chromatin reconfiguration at the early enhancers requires  romater exhibit a similar inability to direct DHS formation at the

promoter elements remaining enhancer/LCR. Only when transgene RNA was

The deletion of promoter sequences uncovered a difference in gitectable, probably originating from an adjacent mouse pro-
intrinsic ability of the individualcis-elements of the chicken moter, the DHS appeared (26). A direct physical intnac
lysozyme locus to reorganize chromatin. Our earlier experimenggtween enhancer/LCR and promoter elements was suggested tc
demonstrated that the cooperation of the variissegulatory — be essential for chromatin reconfiguration and locus activation.
regions of the chicken lysozyme gene is essential for its prop@ur data support this idea. In our case the results are unambiguous,
transcriptional regulatiofb1). Invesigation of the time course of since we could exclude transcription from an outside promoter,
transcriptional activation of deletion mutants of the lysozymgrobably because of the presence of the insulating flanking
locus in developing macrophage precursor cells of transgersequences of the complete lysozyme locus.

mice (53) demonstrated that the early enhaneeratts together ~ The MNase generated cleavage patterns at@sobgulatory

with the promoter are responsible for its transcriptional activatioregion of the lysozyme locus in lysozyme non-expressing embry-
at early differentiation stages. Our results now demonstrate thatic fibroblasts of P— mice and XS.0b mice are iden(it8),

these elements are unable to establish an open chromatin structndécating that the promoter deletion does not affect the general
by themselves, they have to interact with the promoter, moshromatin organization of the locus. Although macrophage
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stage-specific transcription factors are undoubtedly present in P-The LPS-induced chromatin reorganization in the —2.4 kb/—2.7 kb
macrophages, they are not able to stably bind to their specifiegion seen with the wild-type loc(80) was not observed in P—
recognition sites at the early enhancer elements in promoteracrophages. For this aspect of chromatin remodeling the
deficient constructs. It is possible that transient interactions occpresence of promoter- and/or active upstream enhancer elements
which, however, do not lead to the formation of DHSs due to this required. In addition, the MNase pattern in non-stimulated cells
absence of stabilizing interactions with promoter elements. & generated by a mixture of reorganized and non-reorganized
second possibility would be that the lack of an entire promotédoci. This phenomenon is also seen in the chromatin of mice
with its upstream binding sites and recruited factors abolishes tharrying an enhancer deletion mutant of the lysozyme locus and
action of a general chromatin remodeling machine, for exampls caused by genomic position effe(1$). Loss of promoter
SWI/SNF (62—64). It will be very intertisg to determine which contacts and/or interactions with otlvés-elements may lead to
promoter sequences are necessary for the formation of a DHSaateduced probability of establishing a stable —2.7 kb enhancer-

the early enhancers. complex marked as DHS.
The —2.4 kb silencer and the -2.7 kb enhancer are able The chicken lysozyme locus does not contain a single
to reorganize chromatin in the absence of a promoter element with dominant chromatin opening activity

The —2.4 kb silencer is inactive in mature, lysozyme expressirfgtr's as well as other studies show that a crucial aspect of locus
macrophages and is active in all other cell types analyzed. TAStvation is the ability to open chromatin and to maintain its
silencer element extends from —2310 to —2410 bp and Carri?gcessmle structure, in order to _establls_h stable_: gene expression
binding sites for two different proteins. Thesie (F2) is a (34,36,69,70). Dominant chrotiropening activity of one
recognition sequence for thyroid (TR) or retinoic acid (RXR)DHS’ which woulq |n|t|ate'chromat|n rearrangements that would
hormone receptors and thésie (F1) is recognized by the SPread and permitansacting factors access to other DHS, has
chicken homologue of factor CTCF (NeR#@B,65-67). Our been suggested for hypersensitive site 3 in the hiigdobin
transgenic mouse experiments now show that the silenceFR (34), albeit other redts are contradictorf71). However,
element is capable of forming a DHS in any cell type, irrespectiVé®ne of these stuc!les mvestygated the role of the promoter in this
of the presence of a promoter. To our surprise, in macrophaged?6pcess- In the chickeiglobin locus the presence of an active
P— mice not only the —2.4 kb DHS but also the —2.7 kb DHS weRfomoter is essential for DHS formation at tI‘e@ancer/LCR
formed. The nucleosomal organization of the entire —2.4 kb/—2.7 §g6)- A different type oftsidy presented strong evidence that the
region is remodeled towards the potentially active conformatiofiUmanp-globin LCR forms a holocomplex with the promoter
not only at the enhancer, but also at the silencer element. This tygé—36:72)- Moreover, the humgrglobin LCR also consists of

of chromatin rearrangement is normally correlated with maximaHnctionally interacting components, since removal of one
transcriptional activity of the lysozyme gene at late macrophad@MPonent or exchange of the coding region can abrogate its
differentiation stages. We have previously shown that thEfOPer funct|or(34,36,73,74). Ourexperlment.s demonstrate that
presence or absence of the silencer element has no influence¥ chicken lysozyme locus harbors no single element with
the time course of activation of the chicken lysozyme gene fiominant chromatin opening function. Although an element
developing macrophagés3). We interpreted these uits such exists which is able to stgbly reconflgure chrc_)matln in 'ghe absence
that this element most likely is repressing the activity of the —2.7 K} Promoter elements, it acts later in cell differentiation and its
enhancer at early stages of macrophage differentiation. Based@lomatin reorganizing capacity is limited to its site. Stable locus
the result presented here, we speculate that the autonom@gdvation is mediated by the interplay of sepacéteegulatory
DHS-forming capacity of the silencer element creates th ements with dlstlncjt abilities to generate or maintain transcription
structural prerequisites for the promoter independent DHEOMPetent chromatin structures. Our experiments support the
formation at the —2.7 kb enhancer. In both chicken and mouS@ncept that all essentib-regulatory elements—enhancer and
macrophages, the increase in MNase and DNase | accessibiligPgmoter elements—have to be integrated into one functional
the enhancer parallels a decrease in accessibility at the silen8BHLY to perform locus activation.

(15,48,49). Both ements are located on adjacent positioned

nucleosomes (15), whereby the factimiding sites possibly face  ACKNOWLEDGEMENTS
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