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The chicken lysozyme locus is activated in a stepwise fashion during myeloid differentiation. We have used
this locus as a model to study at high resolution changes in chromatin structure both in chicken cell lines
representing various stages of macrophage differentiation and in primary cells from transgenic mice. In this
study we have addressed the question of whether chromatin rearrangements can be detected in myeloid
precursor cells at a stage well before overt transcription of the lysozyme gene begins. In addition to restriction
enzyme accessibility assays and DMS footprinting, we have applied new, very sensitive techniques to assay for
chromatin changes. Particularly informative was UV photofootprinting, using terminal transferase-dependent
PCR and nonradioactive detection. We find that the basic chromatin structure in lysozyme nonexpressing
hematopoietic precursor cells is highly similar to the pattern found in fully differentiated lysozyme-expressing
cells. In addition, we find that only in nonexpressing cells are dimethylsulfate footprints and UV
photofootprints affected by trichostatin, an inhibitor of histone deacetylation. These results are interpreted to
mean that most chromatin pattern formation is complete before the binding of end-stage trans-activators,
supporting the notion that heritable chromatin structure is central to the stable epigenetic programs that
guide development.
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The establishment and the heritable maintenance of spe-
cific epigenetic states leading to differential gene expres-
sion are crucial to development and are the underlying
cause for the progressive restriction of the genomic po-
tential during ontogeny (for review, see Kikyo and Wolffe
2000). However, the elucidation of the molecular details
of cell differentiation at the level of chromatin structure
is still in its infancy. This is mostly because of the dif-
ficult nature of the experiments involved and the re-
quirement for studies of chromatin structure-function
relationships at one specific gene locus in pure popula-
tions of different cell types.

Higher order chromatin structure involving specific
multiprotein complexes represents an important level of
control in the tissue-specific activation and repression of
eukaryotic genes and to a large degree determines the
specific epigenetic state of a gene locus. A large number

of studies examining chromatin at low resolution [e.g.,
DNaseI hypersensitive site (DHS) mapping] have linked
a specific developmental chromatin structure to differ-
ential activities of cis-regulatory elements (Gross and
Garrard 1988). The analysis of protein–DNA interactions
at single-nucleotide resolution level in vivo has demon-
strated that, depending on the developmental stage, dif-
ferent combinations of transcription factors can occupy
the same cis-regulatory element (Gualdi et al. 1996;
Roque et al. 1996; Shaffer et al. 1997). These experiments
suggest that the transcriptional activation of a gene locus
is achieved by the cooperation of different cis-regulatory
elements that, in turn, assemble transcription factors in
a sequential, developmentally controlled fashion. How-
ever, very little is known about the influence of the chro-
matin architecture underlying this process.

The hematopoietic system is well suited for chroma-
tin structure–function studies both because, under the
influence of specific cytokines, cell differentiation can
be followed in culture and because a large number of
different cell lines are available that represent various
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stages of cell differentiation. We have used the chicken
lysozyme locus, which is active in myeloid cells, as a
model to analyze epigenetic changes in cells represent-
ing various macrophage differentiation states, ranging
from the multipotent progenitor cell not yet expressing
the gene to the terminally differentiated cell type ex-
pressing the gene at maximum level. The cis-regulatory
elements of the lysozyme locus are well characterized.
Three enhancers, located 6.1 kb, 3.9 kb, and 2.7 kb up-
stream of the transcriptional start site, a silencer ele-
ment located at −2.4 kb as well as a complex promoter
have been identified (for review, see Bonifer et al. 1997)
All active cis-regulatory elements colocalize with chro-
matin DHSs (Fritton et al. 1984, 1987; Huber et al. 1995).
The individual enhancer elements of the lysozyme locus
can be categorized into early or late enhancers according
to their developmental activation profile. The early en-
hancers at −6.1 kb and −3.9 kb and the promoter become
DNaseI hypersensitive at the myeloblast stage when the
gene is transcriptionally activated, albeit at a low level.
The DHS at the silencer element is still present. The
DHS at the late −2.7 kb enhancer appears only later in
differentiation at the monocyte/promacrophage stage.
Simultaneously, the −2.4 kb silencer DHS disappears
(Huber et al. 1995). Studies in which we used micrococ-
cal nuclease (MNase) to probe for positioned nucleo-
somes in the complete 5�-regulatory region of the lyso-
zyme locus revealed that each cis-regulatory element
shows a unique structural organization with the tran-
scription factor binding sites specifically arranged with
respect to nucleosomes (Huber et al. 1996). Nucleosomes
are reorganized in an element-specific fashion during
macrophage differentiation.

At the resolution level of Southern blots, the chroma-
tin structure of the chicken lysozyme locus in transgenic
mice is identical to that in chicken cells, and the same
type of chromatin rearrangements are observed after
gene locus activation (Huber et al. 1994, 1996). We have
purified early macrophage precursor cells from trans-
genic mice carrying wild-type and deletion constructs
and subjected these cells to in vitro differentiation under
macrophage growth–promoting conditions (Jägle et al.
1997). We could show that developing mouse macro-
phage cells upregulate transcription of the chicken lyso-
zyme transgene at the same developmental stage as
chicken macrophages (Myeloblasts/GM-CFCs). The
early enhancers and the promoter are sufficient to acti-
vate the chicken lysozyme gene at the correct, early de-
velopmental stage, where a deletion of the early −6.1-kb
enhancer leads to a delay in gene activation. In addition,
the different enhancers possess an intrinsic difference in
their chromatin reorganizing capacity. The analysis of a
construct carrying the complete lysozyme locus with an
internal deletion of the promoter in transgenic mice
(Huber et al. 1997) revealed that the formation of a DHS
at the −2.4 kb silencer element and the −2.7 kb enhancer
element was unaffected. In contrast, DHS formation and
chromatin remodeling at the early −6.1-kb and −3.9-kb
enhancers were totally abolished.

Taken together, these studies indicate that the activa-

tion of the lysozyme locus occurs as a cooperative pro-
cess in which the early enhancers have to interact with
the promoter in order to form a stable enhancer–pro-
moter complex indicated by a DHS in chromatin. At
present, the molecular details of this enhancer-promoter
interaction as well as the factors involved in this process
are unknown. To this end, we have taken our analysis of
the chromatin structural changes taking place during
cell differentiation one step further and here report a
study in which we have examined chromatin fine struc-
ture and transcription factor occupancy at the lysozyme
early enhancers and the promoter at the nucleotide reso-
lution level during macrophage differentiation. In par-
ticular, we examined whether any epigenetic differences
exist between cells destined to become macrophages and
cells belonging to a different lineage within the hemato-
poeitic hierarchy. Using a novel quantitative UV photo-
footprinting technique, we gathered detailed informa-
tion about the chromatin fine structure at the individual
cis-regulatory elements. We have been able to determine
that a specific chromatin pattern is already established
in multipotent precursor cells that show no chromatin
reorganization at low level resolution, do not show bind-
ing of transcription factors crucial for lysozyme gene ex-
pression over enhancer and promoter regions, and do not
express the gene. Our results indicate a developmentally
controlled maturation of chromatin that is likely to be
independent of the end-state transcription factors con-
trolling gene expression in differentiated cells.

Results

Activation of the chicken lysozyme locus leads
to a differential restriction enzyme accessibility
of the 5� regulatory region

Retrovirally transformed cell lines have been used to
analyze the structural reorganization of the chicken ly-
sozyme gene locus during macrophage differentiation
(Huber et al. 1995, 1996). Several transformed cell lines
have been generated, representing various differentiation
stages within the myeloid lineage (Metz and Graf 1991;
Graf et al. 1992). The cell line HD50 MEP resembles
multipotent progenitor cells that can be induced to dif-
ferentiate into eosinophils or myeloblasts. Differentia-
tion of MEP cells generated the myeloblast cell line
HD50 myl and eosinophil-like cells (1A1; Kulessa et al.
1995). We recently discovered that the lysozyme gene
that was originally thought to be expressed only in mac-
rophages is also expressed in the eosinophil-like cells as
well as in granulocytes from transgenic mice (C. Bonifer,
unpubl.). The cell line HD37 resembles erythroblasts.
The cell line HD11 (Beug et al. 1979) corresponds to
monocytic cells, which can be further stimulated and
differentiated by treatment with bacterial lipopolysac-
charide (LPS; Huber et al. 1995). The position that these
cell lines occupy within the myeloid hierarchy as well as
their expression levels from the chicken lysozyme locus
are schematically depicted in Figure 2A (see below).

In previous experiments (Huber et al. 1995, 1996;
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Kruger et al. 1999), we have gathered extensive informa-
tion about long-range chromatin rearrangements over
the entire 5� regulatory region of the lysozyme locus in
the cell lines described in Figure 2 as well as in trans-
genic mice. This includes the mapping of DNaseI hyper-
sensitive sites and low-resolution MNase mapping. Here
we employed an in vivo restriction enzyme assay to de-
termine whether the recognition sequences were cov-
ered by a nucleosome or another factor complex (Straka
and Hörz 1991). In the lysozyme locus, recognition se-
quences for the restriction enzyme HinfI are present in
basically every cis-regulatory region. Figure 2B–2D indi-
cates the result of a restriction enzyme accessibility as-
say determining HinfI accessibility in the chromatin of
most of the 5� regulatory region of the lysozyme locus
(schematically summarized in Fig. 1). In most cases,
HinfI accessibility coincides with the position of linker
regions as mapped by MNase digestion for both lyso-
zyme-expressing and nonexpressing cells. The presence
of a DHS did not always lead to an increase in HinfI
accessibility as exemplified by the −2.7-kb enhancer/
−2.4-kb silencer region (Fig. 2D). Here, positioned
nucleosomes cover both elements in lysozyme nonex-
pressing cells with a DHS over the −2.4-kb silencer re-
gion. Activation of the −2.7-kb enhancer in lysozyme-
expressing cells leads to DHS formation accompanied by
a remodeling of nucleosomes in this area and a subse-
quent loss of HinfI accessibility. Conversely, in the pro-
moter region, nucleosome remodeling and DHS forma-

tion leads to HinfI accessibility (Fig. 2C). In summary,
lysozyme-expressing cells show major changes in gen-
eral chromatin structure over the cis-regulatory ele-
ments. In contrast, at the resolution provided by South-
ern blots, the HinfI accessibility pattern is indistinguish-
able between the two lysozyme nonexpressing cells
analyzed (HD50 MEP and HD37), confirming previous
experiments comparing the chromatin structure of a
number of different cell types (Fritton et al. 1987; Sippel
et al. 1987; Huber et al. 1995, 1996).

UV photofootprinting reveals the formation
of an active chromatin pattern in precursor cells
before the binding of enhancer and promoter factors

Several previous low-resolution mapping studies did not
detect any difference in chromatin structure between
erythroid lineage cells such as HD37 and myeloid pre-
cursor cells such as HD50 MEP (Huber et al. 1995, 1996).
Nevertheless, we wanted to see if UV photofootprinting
would be more sensitive and reveal differences in chro-
matin fine structure (Becker and Wang 1984). The ratio-
nale for trying this approach was that in vitro experi-
ments have shown that the pattern of UV adduct forma-
tion is affected by even subtle distortions of DNA
structure. UV light generates photodimers between ad-
jacent bases, mostly cyclobutane pyrimidine dimers and
(six to four) photoproducts. All structural changes that
bend DNA toward the major groove enhance, and all

Figure 1. Chromatin features of the 5� regulatory region of chicken lysozyme locus at low-level resolution. The figure depicts MNase
cleavage sites (black vertical arrows), DNaseI hypersensitive sites (black vertical bars), and accessible Hinf sites (striped arrows
representing accessible sites over gray ovals indicating the position of HinfI sites) in lysozyme nonexpressing cells (upper panel) or
activated macrophages expressing the lysozyme gene at maximal level (lower panel). The position of cis-regulatory elements are
indicated as white boxes; the regions analyzed by in vivo footprinting are depicted as dark insert. The transcriptional start site is
indicated by a horizontal arrow. Exons are depicted as vertically striped boxes. The probes used for restriction enzyme accessibility
assays are drawn as black horizontal bars. EcoRI fragments (E2–E3; E4–E5) are indicated.
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Figure 2. HinfI accessibility of the 5� regulatory region of chicken lysozyme locus. (A) Transformed cell lines analyzed in this study
and their position in the hematopoietic hierarchy; their lysozyme expression level is indicated as (+) or (−). The arrows indicate the
differentiation direction: solid arrows connect cell lines derived from MEP cells and hatched arrows connect independently derived cell
lines. (B) Hybridization with an upstream HindIII probe (−8090–−7802 bp). Accessible HinfI sites on restriction fragment E2–E3
including the −6.1-kb enhancer in the cell lines are indicated. (C) Hybridization with a 0.8-kb HindIII/XbaI fragment spanning part of
intron 1 and exon 2. Accessible HinfI sites on fragment E4–E5 are indicated. (D) Hybridization with a HindIII–PvuII fragment
representing the region from −4332 to −3848 bp. Accessible HinfI sites on fragment E4–E5 are indicated. The numbers represent the
positions of the accessible sites with respect to the transcription start site. The right panels in (C) and (D) represent cells incubated
for 30 and 60 min, respectively; in the left panel, cells were incubated for 1 hr with the restriction enzyme. MEP lanes contain about
five times as much DNA in order to emphasize certain nuclease sensitive sites.
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changes which bend DNA away from the major groove
reduce, the frequency of UV dimer formation (for review,
see Becker and Grossmann 1993). Consequently, the pat-
tern of UV adduct formation is affected by the slight
distortions caused by DNA being wrapped around
nucleosomes. A 10.3-bp periodicity in photoreactivity is
seen, similar to the periodicity seen using DNaseI (Gale
et al. 1987). The binding of many transcription factors
also increases or decreases dimer formation (Pfeifer et al.
1992). Another advantage of UV photofootprinting is
that the treatment is truly in vivo. Live cells are irradi-
ated just before DNA extraction; thus, perturbation of
chromatin structure is minimal.

We applied the UV footprinting technique to examine
the chromatin fine structure of cis-regulatory elements
at the lysozyme locus in the various cell types. In order
to visualize all types of UV-generated lesions, to avoid
the need for hard-to-obtain enzymes and to achieve the
sensitivity needed to analyze vertebrate cells, we have
used a modification of the recently developed terminal
transferase-dependent PCR (TDPCR) method (Komura
and Riggs 1998; Pfeifer et al. 1999), which is based on the
fact that primer extension by DNA polymerases is
blocked by the presence of DNA lesions such as UV
dimers. Another improvement is that we use 5� fluores-
cent dye labeling with separation and detection of the
PCR-generated DNA fragments by use of a Li-Cor DNA
sequencing instrument. This instrument gives well-
separated, symmetrical bands over >300 nt and detects
fluorescence emission in the near-infrared, which leads
to sensitivity compatible to the use of 32P; moreover, the
background is constant and very low, leading to accurate
quantification.

Figure 3 shows the UV footprinting pattern of the up-
per strand of the lysozyme promoter in the different cell
lines. Previous in vitro and in vivo footprinting experi-
ments in HD11 cells have demonstrated a number of
ubiquitous and macrophage-specific protein–DNA inter-
actions in the promoter region between −50 bp and −200
bp (Altschmied et al. 1989; Dölle and Strätling 1990), as
indicated in the figure. A number of obvious and subtle
differences in the adduct patterns relative to genomic
DNA were observed by eye. In addition to those changes
in UV dimer formation that cover the known transcrip-
tion-factor binding sites, there are additional changes
specific for lysozyme-expressing cells. Importantly,
though, it is also apparent that there are more similari-
ties between lysozyme expressing (HD11) and multipo-
tent nonexpressing precursor cells (HD50 MEP) than be-
tween these cells and the erythroblast cell line HD37.

To improve the comparison, we quantified the fluo-
rescence of each band and calculated signal intensities at
each nucleotide position for each of the different cell
types and genomic DNA (Fig. 4). Figure 4D shows the
ratio at each nucleotide position of the band intensity of
in vivo treated samples divided by the band intensity
seen for in vitro UV treatment of naked genomic DNA.
This procedure generates a fine-structure profile that
gives information on in vivo chromatin structure. The
profiles shown in Figure 4 confirm that HD11 cells and

Figure 3. Photofootprinting of the chicken lysozyme promoter
region by use of TDPCR. Primer set P130 was used to amplify
the lower strand. UV dimer formation with naked DNA (gDNA,
lane 2) was compared with UV dimer formation in the cell lines
indicated. A Maxam–Gilbert G-reaction was examined by LM–
PCR using the same size linker and was run alongside for com-
parison. Previously identified in vitro transcription factor bind-
ing sites are indicated at the right. Diminished UV dimer for-
mation as compared to naked DNA is indicated by an open
circle, and enhanced reactivity is marked by a filled black circle
with the position relative to the transcriptional start site indi-
cated at the left.
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Figure 4. Chromatin fine-structure profiles of the lysozyme promoter. Values are the means of two independent and highly repro-
ducible experiments (data not shown). The fluorescence of each band in the gel depicted in Figure 5 was individually quantified, and
the signal intensity at each position was divided by the value of the band in the same position in UV-treated naked DNA (gDNA) or
in vivo UV-treated DNA from the different cell lines as indicated.
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HD50 MEP cells are more similar to each other than
they are to HD37. Also worth noting is that for both
HD11 and HD50 MEP there is a regular series of en-
hancements and protections of UV dimer formation for
the region between −50 bp and −180 bp that could be
wrapped DNA, as would be consistent with earlier
MNase studies of this promoter (see Fig. 1). The patterns
of MEP/genomic DNA and HD11/genomic DNA do
show distinct differences from the pattern found in
HD37 cells, but also there are some interesting similari-
ties (in particular around the TATA and CAAC regions).
We also obtained the same results with HD50 myl cells
(data not shown). Several observations are noteworthy.
The binding of transcription factors in HD11 cells only
marginally alters the general UV footprinting pattern as
compared to the precursor MEP cells. The appearance of
DnaseI, Mnase, and restriction enzyme-accessible sites,
which are thought to represent major changes in chro-
matin structure, correlates only with a change in the
signal intensity for only a few specific bands over the
transcription-factor binding sites such as the changes at
the CAAC sequence or at −180 bp. It appears that the
transcription factors do change the topology of DNA at
some positions, but this change is superimposed on a
basic pattern that is already present in MEPs. LPS stimu-
lation of HD11 cells leads mainly to changes in UV le-
sion formation upstream of −150 bp, consistent with pre-
vious evidence indicating the existence of a LPS response
element in this region (Phi van 1996). The latter result
also confirms the reproducibility of our assay because all
other signal differences fluctuate around the baseline.
Many of the differences are somewhat less than twofold,
consistent with previous data on the effect of nucleo-
some wrapping on photoreactivity (Gale et al. 1987). An
important point is that the strikingly similar, clearly
nonrandom profile seen in this region for HD50 MEP and
HD11 provides strong evidence that the UV–TDPCR
method combined with Li-Cor analysis can detect rather
subtle changes. These and other experiments have estab-
lished that the coefficient of variation for band intensi-
ties is usually about 10% for good primers that give ad-
equately strong bands (Dai et al., unpubl.).

The similarity in basic chromatin structure between
precursor cells (MEP) and expressing cells (HD11) is even
more clear at the −6.1-kb enhancer (Fig. 5). This en-
hancer has been well characterized both by DNA–pro-
tein interaction studies and by functional assays (Thei-
sen et al. 1986; Sippel et al. 1989; Grewal et al. 1992). In
lysozyme nonexpressing cells the DNA is wrapped
around a phased nucleosome that is remodeled after en-
hancer activation (Fig. 1; Huber et al. 1996). It has been
shown to bind NFI proteins, an AP1-like protein, and
C/EBP family members. On both strands a number of
differences in UV dimer formation as compared to geno-
mic DNA and HD37 cells are observed that are shared by
all lysozyme-expressing cells and the multipotent pre-
cursors. Some UV footprints are visible that are unique
for expressing cells, in particular with the lower strand.
These include footprints that are localized outside the
area of previously mapped DNA–protein interactions, in-

dicating that the −6.1-kb lysozyme enhancer may have a
more complex structure than previously thought.

The quantification of the UV footprinting experiments
with the upper strand confirms what can be seen by eye
(Fig. 6). The most important binding sites of the −6.1-kb
enhancer as determined by functional assays (Grewal et
al. 1992) are localized in a region that already is sensitive
to MNase digestion in lysozyme nonexpressing cells, in-
dicating that it may be internucleosomal linker DNA.
Consistent with this notion, we observed a region up-

Figure 5. Photofootprinting of the −6.1-kb enhancer region
(both strands). (Left) TDPCR with the D6.1U1 primer set that
amplifies the upper strand. (Right) TDPCR with the U6.1MA
primer set that amplifies the lower strand. UV dimer formation
with naked DNA (gDNA, lanes 2,10) was compared with UV
dimer formation in the cell lines indicated. Both strands were
analyzed. Lanes 7 and 15 represent HD11 cells treated for 24 hr
with 5 µg/ml LPS. (Lanes 8,16) A Maxam–Gilbert G-reaction
was examined by LM–PCR using the same size linker and was
run alongside for comparison. The scale indicates 10.3-bp dis-
tances. (Lanes 1,9) Controls showing DNA samples not irradi-
ated. Previously identified in vitro transcription factor binding
sites are indicated at the right. (�) Diminished UV dimer for-
mation as compared to naked DNA; (�) enhanced reactivity,
with the position relative to the transcriptional start site indi-
cated at the right. The position of the accessible HinfI site is
indicated as a black arrow.
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Figure 6. Chromatin fine-structure profiles of the −6.1-kb enhancer. Fluorescence of each band in the gel depicted in Figure 7 was
individually quantified, and the signal intensity at each position was divided by the value of the band in the same position in
UV-treated naked DNA (gDNA) or in vivo UV-treated DNA from the different cell lines as indicated. The scale indicates 10.3-bp
distances.
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stream of the enhancer core (5� of −6024 bp) displaying a
10-bp periodicity and the presence of wrapped DNA.
Again, aside from a few specific differences observed in
lysozyme-expressing cells over the transcription-factor
binding sites, the basic chromatin architecture of HD11
cells (± LPS) and HD50 MEP cells is highly similar. We
obtained the same results analyzing HD50 myl and 1A1
cells (data not shown).

Lysozyme cis-regulatory elements do not bind
trans-activator proteins in multipotent precursor cells

Given the above results an important question is, what
factors are responsible for the establishment of a distinct
chromatin pattern in multipotent precursor cells? Al-
though no lysozyme mRNA can be detected in HD50
MEP cells, which are precursor cells not yet committed
to the macrophage lineage (Huber et al. 1995; see also
Fig. 7), we were interested to examine whether any of the
transcription factors known to be crucial for early en-
hancer and promoter activity bind to these elements be-
fore the onset of transcription. Such in vivo potentiation

of a specific gene locus, which represents a first step
toward cell differentiation, was observed previously with
the liver specific albumin enhancer (Gualdi et al. 1996).
However, in this case it is not yet known whether this
coincides with major chromatin rearragements.

We analyzed the lysozyme promoter (Fig. 7) using di-
methylsulfate (DMS) methylation protection experi-
ments that highlight purine [mostly G(N7)] contacts be-
tween proteins and DNA. To visualize regions of en-
hanced or suppressed DMS reactivity we used a new,
simplified, and highly sensitive LM–PCR technique that
uses a phosphorylated linker (see Materials and Meth-
ods). In addition to the G(N7) contacts mapped previ-
ously (Dölle and Strätling 1990), we were able to detect
specific DNA–protein interactions upstream of the
TATA box at −30 bp as well as at a previously unrecog-
nized binding site upstream (around −270 bp) of the mac-
rophage specific promoter elements at −200 bp. The ma-
jority of proteins binding to the lysozyme promoter rec-
ognize sequences characteristic for the C/EBP family of
transcription factors (Fig. 7), which are known to play a
major role in the regulation of myeloid specifically ex-

Figure 7. Dimethylsulfate (DMS) in vivo footprinting of the chicken lysozyme promoter. Differential DMS reactivity with naked
DNA (lanes 1,6) was compared with DMS reactivity of DNA in the cell lines indicated. Both strands were analyzed. (Left) LM–PCR
with primer set P351 that amplifies the lower strand. (Right) LM–PCR with primer set P1 that amplifies the upper strand. The
transcription start site is indicated by an arrow. Previously identified in vitro transcription factor binding sites are indicated at the
right. (�) Diminished DMS reactivity as compared to naked DNA; (�) enhanced reactivity, with the position relative to the tran-
scriptional start site indicated at the right.
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pressed genes (for review, see Tenen et al. 1997). In ac-
cordance with these observations, we demonstrated that
overexpression of C/EBP proteins trans-activate the
chicken lysozyme promoter (data not shown). In addi-
tion, our study demonstrates that one of the C/EBP foot-
prints at −105 bp is LPS inducible. Since HD50 MEP cells
do not express C/EBP proteins (Katz et al. 1993), it is not
surprising that C/EBP specific in vivo contacts over
these binding sites were absent. No other G(N7) contact
can be mapped in these cells; the DMS reactivity pattern
is identical to that observed in HD37 erythroblast cells
and genomic DNA.

The finding that the transcription factors important
for enhancer activity occupy their binding sites in vivo
only in expressing cells could also be confirmed at the
−6.1 kb enhancer (Fig. 8, lanes 6,7,14–16). In this context,
it is noteworthy that extreme DMS hyperreactivity of
one of the central Gs of the palindromic NFI binding site

is only apparent on the upper strand, and this may indi-
cating a strong, asymmetric distortion of DNA structure.

Gene expression correlates with the establishment
of a stable chromatin structure

It is now well established that the acetylation state of
the histone amino termini is one parameter determining
the topology of DNA within the nucleosome (Norton et
al. 1989; Li et al. 1999) and the inheritance of chromatin
structure; for example, the polycomb group of proteins
associate with histone deacetylases (HDAC; van der Vlag
and Otte 1999). In addition, a growing number of tran-
scription factors as well as architectural factors have
been identified whose activity is regulated by acetylation
(Kouzarides 2000). To investigate the effects of increased
acetylation on chromatin photofootprints, we cultured
our HD11 cells, HD50 MEP cells, and HD37 cells in the

Figure 8. Dimethylsulfate (DMS) in vivo footprinting of the −6.1-kb enhancer. DMS reactivity with naked DNA (lanes 1,8) was
compared with DMS reactivity in the cell lines indicated. Both strands were analyzed. (Left) LM–PCR with primer set D6.1U1 that
amplifies the upper strand. (Right) LM–PCR with primer set U6161 that amplifies the lower strand. (Lanes 5,10) HD11 cell treated for
24 hr with 5 µg/ml bacterial lipopolysaccharide (LPS). Previously identified in vitro transcription factor binding sites are indicated at
the right. (+) Cells grown in the presence of 100 nM/ml Trichostatin A (TSA). (�) Diminished DMS reactivity as compared to naked
DNA, (�) enhanced reactivity, with the position relative to the transcriptional start site indicated at the right.
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presence or absence of 100 nM of the histone deacetylase
inhibitor Trichostatin A (TSA) and determined changes
in lysozyme expression and chromatin structure. For
comparison, we also examined embryonic fibroblasts
and macrophages from a transgenic mouse line that car-
ries ∼100 copies of the chicken lysozyme transgene
(Bonifer et al. 1994). Figure 9 shows that TSA upregulates
lysozyme expression in HD11 cells as well as in mouse
macrophages but has no effect on HD37 or HD50 MEP
cells, which show no trace of lysozyme RNA.

We examined the effect of TSA treatment on both
−6.1-kb and −3.9-kb early enhancers of the lysozyme lo-
cus. Surprisingly, an effect of TSA was observed in the
DMS footprint for both, leading to an increased reactiv-
ity at A residues. In the −6.1-kb enhancer, TSA-induced
adenosine specific methylation enhancements at −5895
bp and −6017 bp can be seen in both lysozyme nonex-
pressing cell types (Fig. 8, MEP and HD37) but not in
HD11 cells. Interestingly, these A residues are located
within an AT-rich sequence flanking the enhancer core,
from which we know that it most likely represents in-
ternucleosomal linker DNA (Huber et al. 1996).

The recently investigated −3.9-kb enhancer has a dif-
ferent structure than the −6.1-kb enhancer, being orga-
nized in specifically positioned nucleosomes only in ly-
sozyme-expressing cells, as determined by MNase map-
ping (Kruger et al. 1999; Fig. 1). In lysozyme
nonexpressing cells (HD37, HD50 MEPs, and transgenic
mouse embryonic fibroblasts), nucleosomes occupy al-
ternate positions, one of which is stabilized after en-
hancer activation and DHS formation (Huber et al. 1996;
Kruger et al. 1999). This element is therefore particularly
suited to determine to which extent basic chromatin
structure has developed toward the active pattern. Here,
we examined not only the chromatin from chicken cell
lines but also the chromatin from macrophages and em-
bryonic fibroblasts generated from the transgenic mouse
line.

In lysozyme-expressing cells, the −3.9-kb enhancer is
recognized by members of the NFI factor family and sev-
eral factors that are not yet fully characterized (Kruger et
al. 1999) and whose role in enhancer activation will be
published elsewhere. Clear DMS footprints of the upper
strand are seen in Figure 10A, and these are over tran-
scription-factor binding sites in lysozyme expressing

cells. Treatment with TSA does not change this basic
pattern. In HD37 cells and to some extent also in HD50
MEP cells, adenosine-specific hypermethylations in an
AT-rich region downstream of the NFI site are observed
at −3796 bp and at −3776 bp, and these are enhanced after
TSA treatment. Again, this region most likely represents
internucleosomal linker DNA (Huber et al. 1996; Kruger
et al. 1999). This element in primary mouse macro-
phages binds the same set of transcription factors that it
does in chicken cell lines, confirming our earlier obser-
vations that the regulation of the lysozyme locus in both
chicken cell lines and primary mouse cells is highly
similar (for review, see Bonifer et al. 1996). The protec-
tions are somewhat weaker in the mouse cells, which
can be explained by the multicopy nature of the trans-
gene. Although originally being expressed in a copy-
number-dependent fashion (Bonifer et al. 1994), not all
copies may be simultaneously occupied at a given time
because we have observed some silencing of the trans-
gene array over the years (C. Bonifer, unpubl.).

Photofootprinting experiments (Fig. 10B) revealed a
number of subtle changes in UV dimer formation in ly-
sozyme-expressing cells around the transcription factor
binding sites, both in HD11 cells and mouse macro-
phages.

In the nonexpressing HD37 cells and mouse embry-
onic fibroblasts, the AT-rich region around −3805 bp
shows a higher frequency of UV dimer formation com-
pared to genomic DNA. This pattern does not signifi-
cantly change after TSA treatment. In HD50 MEP cells,
HD11 cells, and mouse macrophages, this region is pro-
tected from UV lesion formation. The pattern of HD11
cells and mouse macrophages remains so after TSA treat-
ment. However, in HD50 MEP cells, the UV dimer for-
mation pattern is changed to resemble that of HD37
cells.

Taken together, our observations show that a basic
active chromatin structure is already in place in HD50
MEP, the multipotent progenitor cells. TSA can perturb
this basic chromatin pattern, but only in lysozyme non-
expressing cells. Once trans-activating factors have
bound and an active enhancer complex has been estab-
lished, as in HD11 cells, the pattern is resistant to TSA
treatment, a result consistent with the mature enhancer
already being organized in hyperacetylated chromatin.

Figure 9. Effect of trichostatin A (TSA) on lyso-
zyme expression. RT–PCR was performed with
RNA prepared from TSA treated and nontreated
chicken and mouse macrophage cells as indicated,
using lysozyme-specific, chicken � actin–specific,
and mouse GAPDH–specific primers. For compari-
son, expression was assayed HD11 cells treated for
24 hr with 5 µg/ml LPS.
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Discussion

The role of chromatin architecture in the developmental
activation of the lysozyme locus

Our previous experiments in transgenic mice and
chicken cell lines clearly demonstrated a close link be-
tween the structural activation of the different en-

hancers on the lysozyme locus at specific develop-
mental stages and their ability to interact with the
promoter and activate transcription (Jägle et al. 1997;
Huber et al. 1997). The experiments described in this
study provide the basis for a more detailed understand-
ing of the changes leading to gene locus activation
during myeloid differentiation, helping to link the step-

Figure 10. In vivo footprinting analysis of the −3.9-kb enhancer. The chicken cell lines used (HD37, HD50 MEP, and HD11) are shown
at the top, as are the transgenic mouse primary cell lines: (M) mouse macrophages; (EMFI) embryonic mouse fibroblasts. The position
of an accessible HinfI site over an AT-rich palindromic sequence is indicated as a black arrow. The hatched bar indicates a region of
preferential MNase cleavage in lysozyme expressing cells. (+) Cells grown in the presence of 100 nM Trichostatin A (TSA). Previously
identified in vitro transcription-factor binding sites are indicated at the right. (A) Dimethylsulfate (DMS) footprinting. Naked DNA
(Maxam–Gilbert G and G+A; lanes 1,2) was compared with the chicken cell lines (lanes 3–8) and the primary transgenic mouse cells
(lanes 9–12). LM–PCR was done with primer set D376, which amplifies the upper strand. (�) Diminished DMS reactivity as compared
to naked DNA; (�) enhanced reactivity, with position relative to the transcriptional start site indicated at the right. (B) UV Photo-
footprinting of the −3.9-kb enhancer region. Naked DNA (gDNA, lane 1) was compared with DNA from the chicken cell lines (lanes
2–7) and the primary transgenic mouse cells (lanes 8–11) TD–PCR was with primer set D376, which amplifies the upper strand. Lane
12 shows a Maxam–Gilbert G+A reaction examined by LM–PCR, using a linker to give the same size as for TD–PCR. (�) Diminished
UV dimer formation as compared to naked DNA; (�) enhanced reactivity, with position relative to the transcriptional start site
indicated at the right.
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wise transcriptional activation of the chicken lyso-
zyme locus to a precisely timed and specific reorganiza-
tion of chromatin structure (for review, see Bonifer et al.
1997).

Our high-resolution quantitative UV-footprinting ex-
periments have generated fine-structure profiles of the
different cis-regulatory elements that indicate all
changes in DNA structure that occurred as a result of
differential folding by different factors. Although with
photofootprinting it is difficult to distinguish transcrip-
tion factor–generated distortions of DNA structure for
chromatin-generated distortions, this method adds a
powerful tool for examination of subtle changes of chro-
matin during development.

We obtained a number of important details about the
chromatin architecture of promoter and −6.1-kb en-
hancer and the way a stable enhancer and promoter com-
plex is established. The major transcription factors bind-
ing to the lysozyme promoter in macrophages are mem-
bers of the C/EBP factor family, most likely C/EBP �
(NF-M). These factors and c-rel are responsible for the
upregulation of the lysozyme promoter during LPS-in-
duced macrophage activation (Goethe and Phi van 1994;
Phi van 1996). The UV lesion pattern we observed is
consistent with the notion that the LPS responsive ele-
ment is located upstream of −150 bp, as suggested earlier
(Phi van 1996). However, we also observed an LPS re-
sponsive footprint over a C/EBP binding site, indicating
that these factors contribute to the upregulation of the
lysozyme promoter after LPS treatment. Our previous
MNase analyses suggested that these factors encounter a
positioned nucleosome in lysozyme nonexpressing cells
that is remodeled after promoter activation (Huber et al.
1996). Changes in accessibility seen earlier for DNaseI
and MNase (Huber et al. 1995, 1996) have been con-
firmed by the HinfI restriction enzyme accessibility as-
say reported here.

The deletion of the −6.1-kb enhancer leads to a delay
in the onset of transcription, highlighting that this ele-
ment is vital for lysozyme locus activation at the correct
developmental stage (Jägle et al. 1997). In vivo, the −6.1-
kb enhancer is bound by C/EBP family members, to-
gether with members of the NFI factor family and an
AP1-like protein. However, here it appears as if the bind-
ing sites of the factors of which the enhancer core con-
sists are arranged within linker DNA between two
phased nucleosomes. The central NFI binding site is lo-
cated in a region displaying no periodicity of UV dimer
formation and is sensitive to MNase in lysozyme non-
expressing cells (see Fig. 2B). This is interesting because
NFI binding is dependent on chromatin remodeling ac-
tivities (Di Croce et al. 1999) and is inhibited if the bind-
ing site is organized in a phased nucleosome (Pina et al.
1990; Blomquist et al. 1996). Together with the C/EBP
factors and AP1 this may therefore be an efficient initia-
tion complex for the activation of gene expression. How-
ever, we are aware of the fact that further structural stud-
ies are necessary to examine the precise role of nucleo-
somes in the formation of enhancer and promoter
complexes.

The formation of an active chromatin structure can
occur in the absence of the binding of trans-activators

All chromatin analyses performed at the resolution of
Southern blots failed to detect a difference between the
chromatin structure of the lysozyme locus in multipo-
tent progenitor cells and other lysozyme nonexpressing
cells. This holds true for DHS and MNase mapping as
well as for the HinfI accessibility assays presented here.
This distinguishes our experiments from previous stud-
ies that detected major chromatin rearrangements on dif-
ferentiation specific genes in hematopoietic progenitor
cells (Jiménez et al. 1992; Yoo et al. 1996). However,
these major chromatin rearrangements coincided with
the detection of a low level of transcription of these
genes in these cells (see also below; Hu et al. 1997). The
photofootprinting study reported here with the lysozyme
locus provides for the first time clear evidence for a
maturation of chromatin architecture toward the active
pattern even earlier in hematopoiesis. Specific nucleo-
protein complexes are already in place in multipotent
precursor cells that do not transcribe the gene and do not
show trans-activating factors binding to lysozyme cis-
regulatory elements. We observed the same chromatin
fine-structure pattern in several different cell types,
which have in common only that they belong to the
myeloid lineage. We have also seen the same pattern for
two other cell lines (data not shown): HD50 myl and 1A1
cells, which were derived from a different MEP precursor
cell clone. All three cell lines grow in suspension. We
also saw the same pattern in HD11 cells that were de-
rived from monocytes transformed with a different on-
cogene (c-myc), were isolated from peripheral blood of an
adult animal, and grew as adherent cells. LPS-stimulated
HD11 cells represent activated macrophages that are ter-
minally differentiated and have ceased to grow. In addi-
tion, our preliminary experiments indicate a similar pat-
tern in primary cells of transgenic mice. We therefore
conclude from these experiments that the similarity in
the UV footprinting pattern we observe represents a po-
tentiated chromatin state and is a hallmark of genes with
the potential to be expressed or that are expressed in the
myeloid lineage.

One conclusion we draw is that this potentiated chro-
matin structure can be established in the absence of tran-
scription and without the continuous binding of the
transcription factors necessary for lysozyme expression
in mature macrophages. DMS and UV footprints charac-
teristic of factor binding as seen in later stages are not
seen in MEP cells. Since our DMS footprinting assays
rely on modifications introduced into purine residues,
the formal possibility exists that we might miss binding
of factors not making any G(N7) contacts. However, we
regard it as unlikely that a stable protein–DNA complex
is formed on the cis-elements that are invisible to both
DMS and UV in all elements examined. Moreover, al-
though C/EBP proteins are not expressed in MEP cells,
other factors like NFI are present (data not shown). Our
findings rather point toward a major role of a different set
of nonhistone proteins acting with or on nucleosomes to
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establish a distinct chromatin pattern that then is main-
tained through several cell divisions and subsequent
stages of differentiation in the myeloid pathway. Likely
candidates for factors involved in this process are histone
acetylases/de-acetylases (HACs and HDACs), SWI/SNF
type complexes, and vertebrate members of the poly-
comb group of proteins.

A wealth of evidence shows a correlation between
transcriptional activity and the histone modification
state of specific genes (for review, see Struhl 1998). The
histone acetylation level clearly distinguishes gene cod-
ing regions from centromeric and telomeric heterochro-
matic regions independent of the expression level, how-
ever, in a differentiation-dependent fashion (O’Neill and
Turner 1999). HDACs as well as HATs display site-spe-
cific activities (Rundlett et al. 1998; Zhang et al. 1998).
Therefore, a hypothesis has been put forward that states
that different types of covalent modifications of histone
tails consist of a stable “histone code,” which is read by
interacting factors responsible for downstream events
(Strahl and Allis 2000). Our TSA experiments indicate
that the reactivity of DNA toward modifying agents can
be perturbed by histone hyperacetylation. Interestingly,
in both the −6.1-kb and to some extent also with the
−3.9-kb enhancer this also holds true for DMS reactivity.
As nucleosomes were up to now thought to be transpar-
ent for DMS reactivity, this would point to the binding
of an acetylation responsive transcription factor as it has
been suggested in similar experiments carried out with
butyrate-treated cells that revealed TSA-dependent
G(N7) reactivities at specific sites (Ikuta et al. 1998).
However, taking our UV footprinting and MNase experi-
ments into account, enhanced DMS reactivity may also
be caused by a change in the topology of DNA, as sug-
gested in Li et al. (1999).

In Drosophila, and most likely also in other organ-
isms, members of the polycomb (Pc) group of proteins are
involved in the repression of gene activity. Another group
of proteins, members of the trithorax (Trx) family, in-
cluding Drosophila homologs of the yeast SWI/SNF com-
plexes (Cairns 1998), are involved in the maintenance of
the active state. The function of both Pc and Trx proteins
seems to be in the epigenetic mechanisms for the main-
tenance of cell memory, that is, the preservation of de-
termined states during subsequent development. Once
established, the active or repressed state is stably main-
tained in a wild-type Pc and Trx environment. Strik-
ingly, the continuous presence of the initial repressor or
trans-activator is not needed (Cavalli and Paro 1999).
Support for the idea that histone modification may be
involved in the establishment of such an epigenotype
comes from the same study, which presented evidence
for histone acetylation being a key component of the
heritable tag for an activated regulatory element.

The role of transcription factors in the establishment
of an active chromatin structure

The question remains, How is the potentiated chromatin
state that we observe in HD50 MEP precursor cells es-

tablished in the first place, and what role do transcrip-
tion factors play in this process? One possibility is that
transcription factors that cooperate with chromatin re-
modeling complexes are transiently recruited to their
binding sites (possibly after replication) and initiate a
chromatin modification event. We hypothesize that in
precursor cells that, due to their developmental state, do
not yet express the requisite transcription factor combi-
nation, no stable cis-regulatory complexes can be formed
that drive transcription. This would also imply that
chromatin reorganization during development is not en-
tirely determined by transcription factors driving gene
expression, providing a molecular explanation for the ap-
parent lack of major effects of deletions of important
regulatory elements on general chromatin structure of a
natural gene, as exemplified by experiments examining a
deletion of the locus control region in the �-globin locus
(Bender et al. 2000).

Basic chromatin structure can not be disturbed by TSA
treatment in lysozyme expressing cells (HD11 cells and
mouse macrophages), in contrast to lysozyme non-
expressing cells. Because both histones and nonhis-
tone proteins can be the target of acetylases, we can
only speculate on the nature of the nucleoprotein com-
plexes on which HATs and HDACs act. It will be of
interest to focus in on the “TSA-responsive” regions in
future work, using in vitro and chromatin immunopre-
cipitation methods to find out details of the protein and
nucleosomal changes involved. However, our data are
clearly consistent with the idea that once the right tran-
scription factor combination is present, a stable chroma-
tin structure is established. Stable transcription factor
complexes consisting of a large number of interacting
factors will recruit the same type of chromatin-remod-
eling activities after each round of replication and will
consistently establish the same chromatin modifica-
tions. In contrast, lysozyme nonexpressing cells may
still require the dynamic equilibrium of both HAT and
HDAC activities to maintain their respective chroma-
tin patterns. However, each cell line has a different
nucleosome–nonhistone protein complex on each cis-
regulatory element, the fine structure of which can be
distinguished by the methods used here. Future experi-
ments will be aimed at elucidating which factors make
up these complexes. Taken together, our experiments
indicate a developmental maturation of chromatin struc-
ture setting the stage on which transcription factors can
act.

Experiments have been described that suggest a lin-
eage promiscuity of multipotent hematopoietic precur-
sor cells with respect to the expression of markers of
differentiated cells (Hu et al. 1997). Commitment to dif-
ferent cell lineages was interpreted as a repression of
genes specific for the respective other lineages during
differentiation (Cross and Enver 1997). Genes like the
chicken lysozyme gene that are not yet expressed in im-
mature precursor cells may exist in a potentiated chro-
matin state that is further modified during cell differen-
tiation. To this end, it will be very interesting to unravel
the hierarchical relationship of the epigenetic states of
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the lysozyme locus in different cell lineages both inside
and outside the hematopoietic system.

Materials and methods

Cell culture

HD50 MEP, HD50 myl, 1A1, HD37, and HD11 cells (Graf et al.
1992) were grown in Iscove’s modified DMEM medium (Life
Technologies) supplemented with 8% fetal calf serum and 2%
chicken serum, 100 U/ml penicillin, 100 µg/ml streptomycin,
292 µg/ml L-Glutamine, and 0.15 mM monothioglycerol. The
transgenic mouse line carrying construct XS (Bonifer et al. 1994)
was kept as a homozygous line in our own mouse colony. Cells
from the peritoneal cavity were taken in culture in standard
Iscove’s medium supplemented with 10% fetal calf serum (FCS)
and 10% L-cell conditioned medium for 16 hr (Bonifer et al.
1990). Embryonic fibroblasts were prepared from mouse em-
bryos 12 days after fertilization as described earlier (Huber et al.
1994). When indicated, the cells where stimulated with 5-µg/ml
bacterial lipopolysaccharide (LPS; Sigma) for 24 hr or treated
with 100 nM of the histone deacetylase inhibitor trichostatin A
(TSA; Sigma) for 48 hr.

Restriction enzyme accessibility assays

For restriction enzyme accessibility assays, cells where treated
for 1–2 min at room temperature in permeabilization buffer (7.5
mM Tris-HCl at pH 7.5, 30 mM KCl, 7.5 mM NaCl, 2.5 mM

MgCl2, 0.25 mM EDTA, 150 mM sucrose, 0.25 mM �-mercapto-
ethanol, 0.005% lysolecithin), washed with phosphate buffered
saline (PBS; Life Technologies) and then digested with 100 U
HinfI in the corresponding reaction buffer (Life Technologies)
for 1 hr at 37°C. Cells were lysed in buffer (65 mM NaCl, 10 mM

Tris-HCl at pH 8, 7.5 mM EDTA, 1% w/v SDS, and 600 µg/ml
Proteinase K) and DNA was analyzed by Southern blot after
digestion with EcoRI.

In vivo footprinting analysis

DMS treatment and ligation-mediated PCR (LMPCR). Cells
were treated with 0.2% DMS in PBS for 5 min at room tem-
perature. DMS reaction was stopped by addition of ice-cold PBS,
followed by two washes with PBS. Cells were lysed in lysis
buffer overnight at room temperature and DNA was purified. In
vitro DMS treatment of naked DNA was performed essentially
as described by Maxam and Gilbert (1980). DNA was treated
with Piperidine at 0.1 M for 10 min at 90°C, followed by three
lyophilizations in water. Cleavage sites were analyzed by LM–
PCR. LM–PCR was carried out as described (Hershkowitz and
Riggs 1997) with the following modifications: biotinylated
primers were used for the first primer extension, which was
carried out using Vent exo-DNA polymerase (New England Bio-
labs). Primer extension products were ligated to linker LP25–21,
which consists of a 25mer (GCGGTGACCCGGGAGATCT-
GAATTC) annealed to a 21mer (GAATTCAGATCTCCC-
GGGTCA). The 21mer was 5� phosphorylated by T4 poly-
nucleotide kinase (New England Biolabs) before annealing. After
ligation, specific biotinylated products were isolated on strep-
tavidin paramagnetic beads (DYNAL) and used for PCR ampli-
fication using a nested specific primer and the 25mer. Primer
extension and PCR conditions were optimized for each primer
set. PCR products were labeled by primer extension using 32P-
labeled nested primers and were analyzed on 6% denaturing
polyacrylamide gels.

UV irradiation and terminal transferase polymerase chain re-
action (TDPCR). Cells were irradiated in UV stratalinker
model 2400 (Stratagene) at 1000 J/m2 and lysed and DNA was
purified. Naked DNA was irradiated at 1000 J/m2 in 5-µl drops.
DNA was analyzed by TDPCR essentially as described (Komura
and Riggs 1998) with the following modifications. Biotinylated
primers were used for the first primer extension, and products
were isolated on streptavidin paramagnetic beads and treated
with terminal deoxynucleotidyl transferase as described. The
linker used for ligation was linker � described in Komura and
Riggs (1998) consisting of a 27mer (dGCGGTGACCCGGGA-
GATCTGAATTCCC) and a 24mer (dAATTCAGATCTCCC-
GGGTCACCGC) that carries an aminopentyl blocking group at
the 3� end. The 24mer was 5� phosphorylated by T4 polynucleo-
tide kinase before annealing. PCR-amplified products were la-
beled by primer extension using 32P-labeled or fluorescent (LI-
COR) nested primers. Labeled primer extension reactions were
analyzed on 6% polyacrylamide gels. LI-COR gels were quanti-
fied using the Scanalytics RFLP image analysis program.

Oligonucleotides. Sequences of the oligonucleotides used as
primers for LMPCR or TDPCR analysis and the corresponding
nucleotide numbers (relative to the transcriptional start site of
the chicken lysozyme gene) were: U6.1MA (−6290) (dATCCC-
TACTGTGCCGTCCTGGT) (−6269), U6.1MA3 (−6277) (dCC-
TGGTTTTACGTTACCCCCTGAC) (−6250), U6.1MB (−6255)
(dCCTGACTGTTCCATTCAGCG) (−6235), D6.1U1 (−5766)
(dGAACGTTCACTTGACTGGGAT) (−5786), D6.1U2 (−5778)
(dGACTGGGATTACCAGCATGGAGAC) (−5801), D6.1U3
(−5788) (dGGAGACATGCTTAGGAGAATG) (−5816), U6161
(−6142) (dAGATTGGAAATGAGAGGGGG) (−6122), U6162
(−6136) (dGGAAATGAGAGGGGGTTGGGT) (−6116), U6163
(−6131)(dTGAGAGGGGGTTGGGTGTATT) (−6111), D376
(−3716) (dGAGCTACACAACCCTTCAGC) (−3735), D376A
(−3732) (dCAGCTGTCTCTCCCTTGATGG) (−3755), D376B
(−3748) (dGATGGCAGCCTGCCCCACAAG) (−3768), P1301
(+141) (dAGTTATCAAGTCCGTGACGCTTCATAG) (+115),
P1302 (+123) (dGCTTCATAGCCGCTGCCAGCTCACATC)
(+97), P1303 (+111) (CTGCCAGCTCACATCGTCCAAAGA-
CTTTC) (+83), P351 (−366) (dTTCAGCACTTGCGAAGAAG-
AG) (−346), P352 (−355) (dGCGAAGAAGAGCCAAATT-
TGC) (−336), P353 (−346) (dGCCAAATTTGCATTGTCAGGA)
(−326), P1 (+37) (dGACCTCATGTTGCCAGTGTCG) (+17), P2
(+24) (dCAGTGTCGTACACACAGCGGG) (+5), and P3 (+15)
(dACACACAGCGGGACTGCAAGC) (−6). Primers U6.1MA,
D6.1U1, U6161, U42A, D376, P1301, P351, and P1 were bioti-
nylated. Sets of three are used for each TDPCR experiment, for
example, U6.1MA (−6290), U6.1MA3 (−6277), and U6.1MB
(−6255). The first primer is for primer extension, the second for
PCR, and the third for the labeling reaction.

RT–PCR

Total RNA was prepared using Trizol (Life Technologies) ac-
cording to the manufacturer’s instructions. cDNA synthesis
from 1-µg RNA samples was carried out using random
hexamers as primers and Moloney murine Leukemia Virus re-
verse transcriptase (Life Technologies) in a reaction volume of
20 µl under conditions recommended by the manufacturer.
Primer pairs used for PCR analysis of the cDNAs were: Chicken
lysozyme (ch-lys): dGATCGTCAGCGATGGAAACGGC and
CTCACAGCCGGCAGCCTCTGAT-3�, chicken �-actin: dTC-
CACCGCAAATGCTTCTAAAC and TCTATCACTGGGGA-
ACACAGCC; and mouse GAPDH: dGGTCATCATCTCCGC-
CCCTTCTGC and GAGTGGGAGTTGCTGTTGAAGTCG.
PCRs were performed in a total volume of 30 µl using 1.5 U Taq
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polymerase (Promega). Initial denaturation step at 95°C for 2
min was followed by 30 cycles of 95°C for 40 sec, annealing
temperature for 1 min, 72°C for 1 min, and a 10-min final elon-
gation step at 72°C. Annealing temperatures for the chicken
lysozyme primers were 62°C and 60°C for the chicken �-actin
and mouse GAPDH primers, respectively.
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