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To examine the role of chromatin in transcriptional regulation of the major histocompatibility complex
(MHC) class I gene, we determined nucleosome occupancy and positioning, histone modifications, and H2A.Z
occupancy across its regulatory region in murine tissues that have widely different expression levels. Surpris-
ingly, nucleosome occupancy and positioning were indistinguishable between the spleen, kidney, and brain. In
all three tissues, the 200 bp upstream of the transcription start site had low nucleosome occupancy. In contrast,
nuclease hypersensitivity, histone modifications, and H2A.Z occupancy showed tissue-specific differences.
Thus, tissue-specific differences in MHC class I transcription correlate with histone modifications and not
nucleosomal organization. Further, activation of class I transcription by gamma interferon or its inhibition by
�-amanitin did not alter nucleosome occupancy, positioning, nuclease hypersensitivity, histone modifications,
or H2A.Z occupancy in any of the tissues examined. Thus, chromatin remodeling was not required to
dynamically modulate transcriptional levels. These findings suggest that the MHC class I promoter remains
poised and accessible to rapidly respond to infection and environmental cues.

Accurate gene expression is the result of diverse transcrip-
tional responses to both tissue-specific “intrinsic” and dynamic
“extrinsic” stimuli. In particular, widely expressed genes, in-
cluding members of the major histocompatibility complex
(MHC) class I family, are regulated by complex and overlap-
ping developmental, tissue-specific, and inducible stimuli. Al-
though MHC class I genes are ubiquitously expressed, distinct
tissue-specific regulatory mechanisms lead to dramatically dif-
ferent levels of expression (55). For example, MHC class I
levels in neural tissues and germ line cells are approximately 2
orders of magnitude lower than in lymphoid tissues. Further,
numerous extracellular stimuli, in particular hormones and
cytokines, are capable of dynamically modulating intrinsic tis-
sue-specific MHC class I expression patterns (55). For exam-
ple, gamma interferon (IFN-�) increases class I transcription
in nearly all tissues, whereas thyroid-stimulating hormone de-
creases it. The mechanisms that integrate these intrinsic and
extrinsic regulatory signals are only partially understood.

MHC class I expression is primarily regulated at the tran-
scriptional level, and many of the DNA sequence elements that
mediate both tissue-specific and hormonal/cytokine regulation
have been identified. Tissue-specific expression is achieved
through the combined effects of a promoter-distal complex
regulatory element and a series of promoter-proximal ele-
ments. The promoter-distal element, located between bp �700

and �800, consists of overlapping enhancer and silencer ele-
ments (63). Hormone/cytokine signaling is mediated by a series
of promoter-proximal elements, located between bp �68 and
�500. These elements include enhancer A (6, 17, 18, 26, 59),
IFN-�-stimulated response element (2, 16, 19, 20, 28, 62), and
a composite RFX/cyclic AMP response element (CRE) (19,
47). A variety of DNA-binding transcription factors have been
identified that interact with these promoter-proximal DNA
sequence elements. For example, an enhanceosome consisting
of the IFN-�-inducible coactivator CIITA and DNA-bound
transcription factors RFX, CREB/ATF, and NF-Y mediates
constitutive cell surface class I expression in B lymphocytes
(27, 38, 39, 56) and in increased levels in response to IFN-� in
other tissues. In addition, differences in the rates of transcrip-
tion correlate with differences in polymerase II (Pol II) occu-
pancy at the promoter (24). Despite the detailed understand-
ing of the role of DNA sequence elements and transcription
factors in establishing tissue-specific levels of MHC class I
expression and hormone/cytokine-mediated responses, the
role of chromatin structure in the regulation of this gene family
has not been examined.

Chromatin structure regulates transcription at multiple lev-
els: nucleosome positioning and occupancy, higher-order pack-
aging, and histone modifications. In general, chromosomal
packaging functions to reduce transcription such that active
remodeling or changes in histone modifications are required to
allow transcription to proceed. Nucleosomes, the basic units
packaging DNA into chromatin, repress transcription if they
occlude regulatory DNA target sites. The importance of nu-
cleosome positioning is highlighted by the fact that gene acti-
vation or repression is often associated with discrete changes
within regulatory regions (45). Chromatin remodeling enzymes
can alter chromatin configuration by histone eviction or sliding
and thus result in better access to transcription factors. In one
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of the best-characterized examples of this phenomenon, posi-
tioned nucleosomes at the yeast PHO5 gene promoter, are lost
as a result of gene activation, while repression accompanies de
novo chromatin assembly (see, for example, references 8 and
51). Nucleosome eviction associated with transcriptional acti-
vation has been demonstrated by global analyses in yeasts, flies,
and humans where promoters of transcriptionally active genes
are depleted of nucleosomes relative to inactive genes (5, 23,
31, 32, 41, 44). A variety of posttranslational modifications of
the histone components of nucleosomes have been shown to
correlate with positive or negative effects on transcription and
hence are presumed to be important in regulating access of the
transcription machinery to chromatin (reviewed in references
4, 30, and 34). These modifications serve to change the struc-
ture of chromatin by altering histone-DNA interactions, are
binding sites for other proteins, and help in the recruitment of
ATP-dependent chromatin remodeling enzymes. In addition,
several histone variants have been found to affect transcription.
One of these variants, H2A.Z, has been shown to flank nu-
cleosome-depleted regions at promoters (reviewed in refer-
ence 22) and is often associated with the promoters of poised
genes. It is thought to facilitate their rapid induction, presum-
ably because it is more easily dissociated from nucleosomes
than is H2A.

Most of the information that has contributed to our under-
standing of the role of chromatin in regulating gene expression
has been obtained from studies of inducible genes. There have
been few studies on chromatin in primary mammalian cells or
on the regulation of constitutively expressed genes, such as
MHC class I. In the present study, we have examined the role
of chromatin in regulating tissue-specific and dynamic tran-
scription of a ubiquitously expressed MHC class I gene.

Defining the role of chromatin organization in regulating
MHC class I gene expression is hampered by the fact that the
endogenous MHC class I gene family consists of a large num-
ber of closely related but functionally distinct genes in both
humans and mice. To overcome this limitation, we have exam-
ined the chromatin structure of a heterologous swine MHC
class I gene, PD1, in transgenic mice since it is sufficiently
divergent in sequence from all murine class I genes to be
readily distinguishable (12, 14). Importantly, the regulation of
PD1 transgene expression parallels that of the endogenous
classical MHC class I genes and its own native in situ pattern
of expression (12). Furthermore, the PD1 transgene product
functions as a classical transplantation antigen and mediates
graft rejection (14). Therefore, this transgene provides an excel-
lent model system in which to characterize the role of chromatin
structure in regulating MHC class I gene expression.

We report here the surprising finding that nucleosome oc-
cupancy and positioning around the MHC class I core pro-
moter are virtually indistinguishable among different tissues,
irrespective of the expression level under basal, induced, or
repressed conditions. Although nuclease hypersensitivity at the
core promoter, histone modifications, and H2A.Z occupancy
differ constitutively among tissues expressing different levels of
class I, these patterns are largely unaltered by cytokine stimu-
lation. The results of the present study show that in the con-
stitutively active MHC class I gene, nucleosomal occupancy
and positioning do not correlate with levels of expression, nor
is chromatin remodeling necessary to achieve different rates of

transcription. Although histone modifications correlate with
constitutive transcription rates, they are not altered when tran-
scription is dynamically modulated.

MATERIALS AND METHODS

Mice and tissues used. C57BL/10 mice homozygous for the PD1 transgene
(B10.PD1 mice) were used for all of the studies, which were carried out in
accordance with the National Institutes of Health Animal Care and Use com-
mittee (protocol EIB-076). C57BL/6 or C57BL/10 mice were used as controls.
Mice were euthanized by using CO2, and whole-body perfusion was carried out
using phosphate-buffered saline so that tissues were free of contamination from
circulating lymphocytes, which express high levels of MHC class I. Spleens,
kidneys, brains, and livers were harvested; tissues from at least two to six mice
were pooled for each experiment. Livers were frozen immediately on dry ice and
stored at �80°C and used for genomic DNA extraction (58). Spleens and kidneys
were harvested into separate tubes containing 25 ml of complete RPMI (10%
fetal calf serum) or Dulbecco modified Eagle medium (10% fetal calf serum),
while the brains were harvested into 25 ml of complete Hibernate (BrainBits,
Springfield, IL) with B27 supplement (Gibco/Invitrogen, Grand Island, NY) or
Neurobasal (Gibco/Invitrogen) medium (with B27 supplement).

IFN-� treatment of B10.PD1 mice. Mice were injected intraperitoneally with
50 kU of mouse IFN-� (Calbiochem, Gibbstown, NJ) or an equal volume of
saline. Tissues were harvested 24 h postinjection. Tissues from B10.PD1 ob-
tained before and after treatment were analyzed by Northern blotting or real-
time reverse transcription-PCR (RT-PCR) to verify IFN-� stimulation of MHC
class I expression.

Northern blotting and real-time RT-PCR. RNA was prepared by using TRIzol
(Invitrogen). Northern blotting was done as described before (9). The membrane
was probed with the XbaI/BamHI fragment of the PD1 gene that extends from
intron 3 to exon 7. The probe was labeled by using nick translation (GE Health-
care, Piscataway, NJ). GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
probe (Ambion/Applied Biosystems, Austin, TX) was used as the internal con-
trol. For real-time RT-PCR, randomly primed cDNA (Stratascript; Stratagene/
Agilent Technologies, Santa Clara, CA) was amplified by using Sybr green PCR
master mix (Applied Biosystems, Foster City, CA) and PD1 primer sets (forward,
5�-GGA ATG TCA AGG AAA CCG CAC-3�; reverse, 5�-ATG CTC TGG
AGG GTG TGA GAC C-3�). Primers for 18S RNA (AM1716, Ambion/Applied
Biosystems) were used as an internal control.

Splenocyte culture and �-amanitin treatment. Spleens from three to six mice
were disaggregated in 1.5 to 3 ml of complete RPMI medium. Single cell sus-
pensions of splenocytes were treated with 10 ml of ACK at room temperature for
1 min. The cells were then washed and resuspended in complete RPMI (medium
alone) or in complete RPMI containing 50 �g of �-amanitin (Calbiochem)/ml to
a final concentration of 10 million cells/ml. After incubation in a humidified CO2

incubator for 5 h at 37°C, the cells were washed three times with PBS to wash off
the �-amanitin and then lysed by using NP-40 lysis buffer (11). The nuclei thus
obtained were used for all further experiments as described below.

Nuclear run-on assay. Thirty million cells were used to make nuclei that were
then resuspended in 150 �l of nucleus storage buffer. A total of 50 �l of the
thawed nuclei was used for a nuclear run-on assay carried out as described
previously (3). The exposures from the nuclear run-on assays were obtained on
a phosphorimager and quantitated by using TotalLab (Nonlinear USA, Inc.,
Durham, NC).

Isolation of nuclei from tissues. Spleen, kidney, and brain tissues were minced
in 10 ml of ice-cold nuclear buffer (15 mM HEPES [pH 7.5], 60 mM KCl, 15 mM
NaCl, 2 mM EDTA, 0.5 mM EGTA, and 0.34 M sucrose, to which 0.15 mM
2-mercaptoethanol, 0.15 mM spermine, and 0.5 mM spermidine were added
immediately prior to use) (65). The suspension was homogenized with 10 to 12
strokes in a chilled Dounce homogenizer, and the homogenate was filtered
through a 70-�m-pore-size nylon cell strainer into a 50-ml conical tube on ice.
The recovery and purity of the nuclei were determined microscopically after
trypan blue staining of an aliquot.

Low-resolution MNase hypersensitivity assay. This was done as previously
described (11) with minor variations. Briefly, nuclei from the spleens, kidneys, or
brains of B10.PD1 mice were washed with ice-cold micrococcal nuclease
(MNase) digestion buffer (10 mM Tris-HCl [pH 7.4], 15 mM NaCl, and 60 mM
KCl, to which 0.2 mM phenylmethylsulfonyl fluoride, 0.15 mM spermine, and 0.5
mM spermidine were added immediately prior to use) and then suspended in
MNase digestion buffer containing 1 mM CaCl2 to obtain �10 million nuclei per
100-�l reaction. Each 100-�l aliquot of nuclear suspension was digested with 0,
1, 2, or 3 U of MNase (Worthington Biochemical Corp., Lakewood, NJ) at room
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temperature for 5 min. The reaction was stopped by adding 240 �l of MNase
digestion buffer, 60 �l of MNase stop buffer (100 mM EDTA, 10 mM EGTA [pH
7.5]), 6 �l of 25 mg of proteinase K/ml, and 40 �l of 10% sodium dodecyl sulfate.
Samples were incubated overnight at 37°C and extracted by using multiple
rounds of phenol and isoamyl alcohol-chloroform. The final aqueous phase was
subjected to RNase A digestion (100 �g/ml) at 37°C for 2 h, reextracted, and
precipitated. The resulting DNA pellets were resuspended in 10 mM Tris-HCl
(pH 7.5)–1 mM EDTA. In control MNase digestions of genomic DNA, 100 �g
of genomic DNA was digested in a 300-�l reaction volume with 0, 0.1, 0.2, or 0.3
U of MNase (65).

The MNase hypersensitive sites were assessed by Southern blotting using a
probe corresponding to the 1.4-kb region between the HindIII and SacI sites
(shown in Fig. 5A). This probe hybridizes to and reveals both copies of the gene,
as shown in the figure. Then, 20 �g of DNA purified from MNase-treated nuclei
and MNase-treated genomic DNA samples from B10.PD1 mice was digested to
completion using 120 U each of HindIII and SacI. Digested samples were
electrophoresed on 1% agarose gels in 1� Tris-borate-EDTA, transferred onto
nitrocellulose membranes, and cross-linked using a UV cross-linker. The mem-
branes were hybridized with the indicated probe labeled by nick translation and
washed using high-stringency conditions. The results shown are representative of
at least two independent experiments.

High-resolution nucleosome positioning by LMPCR. Nuclei from the spleens,
kidneys, and brains of B10.PD1 mice (mock treated or IFN-� treated) and nuclei
from splenocytes cultured in the presence or absence of �-amanitin were exten-
sively digested with 100 U of MNase per 100-�l reaction at room temperature for
5, 10, or 15 min. DNA was purified as described before except that RNase
digestion and reextraction were done twice to ensure that any residual RNA did
not pose problems for subsequent steps. The purified DNA from the time point
showing almost complete digestion of chromatin into mononucleosome-sized
fragments was used for all further manipulations. Ligation-mediated PCR
(LMPCR) was done as described previously (12) with the following modifica-
tions. Approximately 15 �g of purified mononucleosome-sized DNA was phos-
phorylated using 10 U of T4 DNA polynucleotide kinase (New England Biolabs,
Ipswich, MA) in a 50-�l reaction volume with 70 mM Tris-HCl (pH 7.5), 10 mM
MgCl2, 5 mM dithiothreitol, 1 mM ATP, and 2 mM spermidine. The reactions
were incubated at 37°C for 1 h, heat inactivated at 65°C for 20 min, precipitated,
and resuspended in 50 �l of water. The DNA was ligated to a 20-fold excess of
a unidirectional linker at 15°C overnight. The reaction was stopped by incubation
at 70°C for 10 min, after which the entire reaction was loaded (in 5% glycerol)
on a 6% polyacrylamide gel. The samples were electrophoresed in 1� Tris-
borate-EDTA, along with a pBR322 MspI digest marker. Bands corresponding
to mononucleosome-sized fragments ligated to linker were excised from the gel,
crushed in 200 �l of 10:0.1 Tris-EDTA, and vortexed. After overnight incubation
at 4°C in a shaker-incubator, the samples were vortex mixed and spun down, and
the supernatant was collected. DNA was quantitated by running it on a 2%
agarose gel. A total of 100 ng of this DNA was used in LMPCRs.

As controls, genomic DNA from B10.PD1 and control mice were digested with
MNase, phosphorylated, and ligated to linker and then used in the LMPCRs.
The linker primers used were 25-mer (5�-GCG GTG ACC CGG GAG ATC
TGA ATT C-3�) and 11-mer (5�-GAA TTC AGA TC-3�). The primer sets used
for the LMPCRs were as follows: set I (maps the downstream edge of nucleo-
somes roughly between positions �110 and �25), 5�-CCC GTG TCC CCA GTT
TCA CTT CTC CG-3� and 5�-GCA ACC TGT GTG GGA CCG TCC TGC
CC-3�; set II (maps the downstream edge of nucleosomes roughly between
positions �230 and �80), 5�-GAG TCC CAG CTC CGC AGC C-3� and 5�-CTC
CGC AGC CAG GCG TGG CTC-3�; set III (maps the upstream edge of
nucleosomes roughly between positions �300 and �200), 5�-GTT GCG AGA
CGG AGA AGT GAA ACT G-3� and 5�-CGG AGA AGT GAA ACT GGG
GAC ACG G-3�; set IV (maps the upstream edge of nucleosomes roughly
between positions �175 and �105), 5�-GAA ACC GGA CAC GCA ATA GGA
G-3� and 5�-GGA CAC GCA ATA GGA GAG AGA AG-3�; and set V (maps
the upstream edge of nucleosomes roughly between positions �45 and �125),
5�-GGT GAG GTG GCG GGT CTG-3� and 5�-CAG CAG AGT CGC ACC
TTC CCC-3�.

The results shown are representative of at least two independent experiments.
Densitometric analysis was done by using TotalLab.

Nucleosome quantitation. The samples purified for LMPCRs were also used
for nucleosome quantitation. Each sample (2.5 ng) was amplified by real-time
PCR using the Sybr green PCR master mix and primer sets across the upstream
regulatory region and further down the gene in exon 5. The primer sets used are
given below, and their positions are illustrated in the bottom panel of Fig. 2.
From 5� to 3� across the gene, the sets were as follows: set 1, 5�-TAC ATA TGA
AAC ACT CCT GCT ACC TTC C-3� and 5�-CCA GTA AAG GTT GTA TTC

CAT GA-3�; set 2, 5�-AAT CAT TCT GTG AGC TGC ACT AGC C-3� and
5�-GTA AGA GTT TTA AGA CCG AAT ACA TTG-3�; set 3, 5�-ACT GAT
TCA GGT CCA CAT TCA-3� and 5�-GAG TCC TTT TGG TGG CTG ACA
TC-3�; set 4, 5�-TGT GCG GGG CTT TTA CAT TTC-3� and 5�-CAC TGG
AGG TTT ATG TCT GCT TCT G-3; set 5, 5�-CTC ACT AAA AGG TTT GGA
AAT CGC-3� and 5�-CCC TGC TGC TCT TCA GAA AGC-3�; set 6, 5�-TCA
GGG TCT CAG GCT CCA-3� and 5�-GGA CAC GCA ATA GGA GAG AGA
AG-3�; set 7, 5�-CCC GTG TCC CCA GTT TCA CTT CTC CG-3� and 5�-GGG
AAC CGC AGT GGC-3�; set 8, 5�-CGC AAC CTG TGT GGG AC-3� and
5�-GGG TGG GTG GAG AGT TT-3�; set 9, 5�-CTT CTC TCT CCT ATT GCG
TGT CC-3� and 5�-TCA GCC TCG GAG TCT GG-3�; set 10, 5�-CCA GAC
TCC GAG GCT GA-3� and 5�-ATC CCG CAC TCA CCC G-3�; set 11, 5�-GAA
CAA GGC CGC TGC G-3� and 5�-CAG CAG AGT CGC ACC TTC-3�; set 12,
5�-GAA GGT GCG ACT CTG CTG-3� and 5�-TGG AGG TCG GAG ACG
G-3�; and set 13, 5�-CAG ACC CTG CTC AGC CC-3� and 5�-GCG TCT TCC
TCC AGA T-3�.

Although the efficiencies of the different primer sets were not identical, the
following calculations internally corrected for any differences. The CT value
obtained with each primer set was plotted on a standard curve derived from
amplifying genomic DNA from B10.PD1 mice. Amplification from one sample
was arbitrarily assigned a value of 1, and the values of all of the other samples
were adjusted accordingly. The results shown are from at least two independent
experiments.

Native ChIP. Native chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously (43), with the following modifications. All solu-
tions used for this protocol included 5 mM sodium butyrate. Tissues pooled from
two to four mice were Dounce homogenized in 10 ml of nuclear buffer A (recipe
described above; with 0.34 M sucrose and 5 mM soidum butyrate) and strained
through a 70-�m-pore-size cell strainer. Then, 4.5 ml of nuclear suspension in
nuclear buffer A (with 0.34 M sucrose) was layered onto 2.5 ml of nuclear buffer
A (with 1.43 M or 50% sucrose), followed by centrifugation at 700 � g at 4°C for
20 min. Mononucleosomes were prepared as described above. Prior to immu-
noprecipitation, the suspension was precleared with 75 �l of protein A-Sepha-
rose slurry per ml of chromatin. The antibodies used for the native ChIP were
anti-acetyl H3K9/K14 (catalog no. 06-599; Upstate/Millipore, Billerica, MA),
anti-trimethyl H3K4 (catalog no. 07-473; Upstate), anti-trimethyl H3K9 (catalog
no. 07-442; Upstate), anti-H2A.Z (ab4174; Abcam, Cambridge, MA), and non-
specific rabbit immunoglobulin G (Jackson Immunoresearch Laboratories,
Westgrove, PA). For 50 �g of chromatin, 12.5 �g of each antibody was used. In
the case of H3K4 trimethyl antibody, which is an antiserum, 12.5 �l was used.

The immunoprecipitated material was quantitated by real-time PCR using the
primer sets shown in the bottom of panels of Fig. 6. Primer sets 4, 5, 8, 11, and
13 described in the nucleosome quantitation section above were used. An addi-
tional primer set in the 3� region was also used: set 14, 5�-TCT GTG TTC CTA
TGA GCA TC-3� and 5�-GAA CAC AGG TCA GGG TGA G-3�.

The results were plotted as the “percent bound versus input.” Each graph was
compiled from at least two independent experiments done with mock-treated
(these were combined with untreated since the values obtained were identical)
and IFN-�-treated mice. The bars represent the average value, while the error
bars represent the standard error of mean.

RESULTS

The patterns of nucleosome occupancy across a class I gene
are indistinguishable among tissues with various levels of ex-
pression. The levels of MHC class I transgene expression in
vivo differ by almost 2 orders of magnitude among tissues (Fig.
1A) (55). Therefore, we sought to determine whether the chro-
matin structure contributes to its regulation by comparing the
nucleosomal organization of the PD1 transgene in three tissues
expressing widely different levels of class I. The extent of nu-
cleosome occupancy across the transgene in the spleen (high
expresser), kidney (intermediate expresser), and brain (very
low expresser) was quantitated by comparing the abundance of
the transgene in total mononucleosomal DNA relative to
genomic DNA by real-time PCR. This measurement provides
an assessment of the extent of DNA protection via packaging
into nucleosomes. Using a series of PCR primers spanning the
upstream regulatory region and coding sequences (Fig. 2, bot-
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tom panel), we observed that the overall pattern of nucleoso-
mal occupancy was indistinguishable among the three tissues
(Fig. 2). In all three tissues, the nucleosomal occupancy was
reduced around the core promoter, between approximately bp
�200 upstream and the transcription start site (TSS) at posi-
tion �1, as assessed by four overlapping primer sets within the
200-bp segment (Fig. 2). However, it is important to note that
the region was not completely devoid of nucleosomes. The
paucity of nucleosomes around the core promoter, unrelated
to the level of class I transcription, is consistent with the in-
terpretation that the region is relatively open and available for
the assembly of transcription machinery, independent of the
frequency of transcription.

We considered the possibility that the nucleosome-depleted
region upstream of the TSS was a result of remodeled nucleo-
somes being lost during MNase treatment. However, earlier
genome-wide reports found no differences in nucleosome oc-
cupancy between cross-linked and un-cross-linked chromatin
(44, 52). Therefore, we conclude that the region upstream of
the TSS is relatively depleted of nucleosomes.

In two other regions of the gene, nucleosomal occupancy
was also consistently much lower than elsewhere in the gene in
all three tissues. Nucleosomal occupancy was decreased in the
upstream regulatory region between bp �690 and �770 that
encompasses a complex regulatory element involved in estab-
lishing tissue-specific levels of transcription (63). Another re-
gion of reduced nucleosomal occupancy occurs within intron 1,
where a potential regulatory element resides (H. Cohen et al.,
unpublished data).

Although the overall pattern of nucleosome occupancy was

FIG. 1. PD1 expression varies widely in different tissues and can
be induced by IFN-� in the spleens, kidneys, and brains of trans-
genic mice. (A) Northern blot of RNA from tissues from B10.PD1
transgenic mice. The numbers at the bottom represent relative
amounts. (B) Induction of PD1 transcript levels in the spleen,
kidney, and brain by in vivo treatment with IFN-� as assessed by
Northern blotting. GAPDH RNA levels served as the internal con-
trol.

FIG. 2. Nucleosome occupancy across the MHC class I regulatory region does not correlate with either tissue-specific or induced levels of
expression, except immediately downstream of transcription initiation. The top panel panel shows nucleosome occupancy in mock-treated spleen
(�), IFN-�-treated spleen (�), mock-treated kidney (‚), IFN-�-treated kidney (Œ), mock-treated brain (�), and IFN-�-treated brain (f). The
bottom panel presents the MHC class I upstream regulatory region, showing amplified regions (horizontal lines), important regulatory elements
(f), and exons (o). The results are an average of two independent experiments. Error bars represent the standard errors of the mean. The lines
drawn connecting data points do not necessarily imply levels between points.
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the same in all three tissues, a modest relationship was ob-
served between nucleosomal occupancy and tissue-specific ex-
pression levels immediately downstream of the TSS at exon
1/intron 1. Surprisingly, high-expressing spleen cells had a
higher occupancy of nucleosomes compared to the lower-ex-
pressing brain.

The nucleosomal patterns across the class I gene in the
tissues reflect the “steady-state” chromatin organization, in the
absence of either hormonal or cytokine stimuli. Therefore, we
next considered the possibility that induction of class I expres-
sion by the inflammatory cytokine IFN-� might trigger chro-
matin remodeling and changes in nucleosomal occupancy. To
test this possibility, class I expression was induced in transgenic
mice by IFN-� treatment. Under these conditions, class I RNA
levels were increased in all three tissues, by two- to fivefold
(Fig. 1B). Surprisingly, neither the overall pattern nor the
relative level of nucleosomal occupancy across the gene was
affected by in vivo induction of class I expression with IFN-�
(Fig. 2). Thus, the pattern of nucleosome occupancy is inde-
pendent of either tissue-specific or cytokine-modulated levels
of expression. Furthermore, these results indicate that activa-
tion of class I transcription does not require extensive chro-
matin remodeling. In support of this latter conclusion, we
observed activation of MHC class I transcription by IFN-� in
SW13 cells that are devoid of the remodeling factor, BRG1 (J.
Weissman, Z. Sercan, and D. Singer, unpublished observa-
tions).

Nucleosomes occupy multiple, discrete positions around the
MHC class I TSS. The lack of correlation between the level of
expression in tissues and nucleosomal occupancy across the
extended regulatory region of the MHC class I gene prompted
us to examine more closely the organization of nucleosomes
around the core promoter. Although this segment has a low
nucleosomal occupancy relative to the surrounding regions, it
is not completely devoid of nucleosomes. This raised the pos-
sibility that the precise positioning (i.e., differences in even a
few base pairs) of nucleosomes at core promoter sequences
correlated with class I expression levels. To this end, nucleo-
some positions within approximately 200 bp on either side of
the TSS were mapped to single nucleotide resolution. Mono-
nucleosomal DNA fragments isolated from the spleen, kidney,
and brain nuclei of either IFN-�-treated or mock-treated mice
were probed by LMPCR with five different primer sets (Fig.
3A). Nucleosomes associated with core promoter sequences
upstream of the TSS occupy seven to eight preferred positions
on the underlying DNA sequence, as evidenced by the multi-
plicity of bands, where each band reflects a discrete nucleo-
some position (Fig. 3B). (The multiple positions mapped in the
present study are unlikely to be a result of “trimming” of the
nucleosome at the edges since the bands did not differ by 10 bp
or a multiple thereof.) The same set of major nucleosomal
positions was occupied in each of the three tissues (Fig. 3B, see
lanes 1, 3, and 5). (It should be noted that we cannot exclude
the possibility that on a subset of promoters, the nucleosomes
are randomly arrayed, which would not be detected in this
analysis.) Induction of class I gene transcription with IFN-� did
not elicit any reproducible differences in nucleosome position-
ing in the tissues (Fig. 3B and C, compare lanes 1 to 6).
Analysis of other regions upstream of the TSS also showed no
differences in nucleosomal positioning among the tissues in

either the presence or absence of IFN-� (see Fig. S1A and B in
the supplemental material). Taken together, these results dem-
onstrate that nucleosomes occupy multiple, discrete sites up-
stream of transcription initiation and that the pattern and
relative occupancy of these sites do not vary significantly after
in vivo induction with IFN-�.

We next mapped nucleosome positioning downstream of the
TSS in spleen, kidney, and brain tissues isolated from IFN-�-
treated or control mice. In contrast to nucleosomes located
upstream of the TSS, nucleosomes located downstream of the
core promoter predominantly occupied a single site, with a
small number of other sites occupied infrequently (Fig. 3D).
This is most evident in the spleen, where nearly all nucleo-
somes mapped to a single site at the beginning of exon 1.
Nucleosomes in the kidney and brain displayed the same pat-
tern of occupancy. However, the level of amplification at each
position was lower in the kidney and even lower in the brain, a
finding consistent with the relative pattern of nucleosomal
occupancy at ca. �100 bp in the three tissues (Fig. 2).

Active transcription is not required to maintain either nu-
cleosome occupancy or positioning. Although promoter activ-
ity differs enormously in the brain, kidney, and spleen, the class
I gene is transcribed in all three. Therefore, we considered the
possibility that the pattern of nucleosomal occupancy is a re-
flection of ongoing transcription and might be affected by com-
plete abrogation of transcription. To address this possibility,
we cultured freshly isolated splenocytes in the presence or
absence of �-amanitin and then assessed nucleosome occu-
pancy across the class I gene. Under conditions where tran-
scription was completely inhibited by �-amanitin (Fig. 4A),
there was no change in the pattern of nucleosomal occupancy
across the gene relative to mock-treated controls (Fig. 4B). In
particular, the nucleosome occupancy around the core pro-
moter was indistinguishable between �-amanitin-treated and
control cells. Thus, overall nucleosomal occupancy did not
depend on ongoing transcription.

We next examined the possibility that active transcription
determines precise nucleosome positioning. As shown in Fig.
4C and D, inhibition of transcription by �-amanitin did not
alter the profile of nucleosomal positioning either upstream or
downstream of the TSS (see also Fig. S2A to C in the supple-
mental material). These results indicate that maintenance of
the pattern of nucleosome occupancy along the MHC class I
promoter does not depend on the transcriptional activity of the
gene.

Nuclease hypersensitivity in the promoter of the MHC class
I transgene correlates with expression levels. Since functional
regulatory elements within chromatin are often characterized
by hypersensitivity to nuclease digestion, we probed for nucle-
ase-hypersensitive regions in the promoter of the transgene.
Nuclei of cells from the spleens, kidneys, or brains of B10.PD1
transgenic mice were subjected to digestion with low concen-
trations of MNase, and hypersensitive regions were identified
with a probe spanning the promoter. Previous characterization
of the B10.PD1 mouse determined that it carries two copies of
the PD1 transgene in a head-to-tail configuration. Digestion
with HindIII/SacI releases two promoter fragments of 3.2 and
1.4 Kb. (See the map of the PD1 transgene and the scheme of
the experiment in Fig. 5A.) Hypersensitive regions would ap-
pear as subfragments of greater electrophoretic mobility.
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FIG. 3. Nucleosomes occupy multiple positions at the 5� end of the MHC class I gene in all tissues studied, and these did not change on induction of the
gene with IFN-�. (A) Locations of primer sets used for fine-mapping nucleosome positions at the MHC class I promoter using LMPCR. The MHC class I
upstream region is shown with important regulatory elements (f), exon 1 (o), and hypothetical nucleosome positions (oval areas bordered by dashed lines).
(B) Lanes 1, 3, and 5, LMPCR products from mock-treated spleen, kidney, and brain, respectively, using primer set I that maps the downstream edge of
nucleosome(s) roughly from positions �110 to �25. Lanes 2, 4, and 6, LMPCR products from IFN-�-treated spleen, kidney, and brain, respectively. Lanes 7
and 8, LMPCR products from MNase-digested genomic DNA from B10.PD1 and B6 mice, respectively. The pattern of bands obtained has been reproduced
in four independent experiments. A map of the PD1 5� end and the position with respect to TSS are shown on the left. The densitometric scans of the LMPCR
results from mock-treated (red line) and IFN-�-treated (black line) spleen, kidney, and brain are shown on the right. (C) Same as panel B, except using primer
set II that maps the downstream edge of nucleosome(s) roughly from positions �230 to �80. (D) Same as panel B, except using primer set V that maps the
upstream edge of nucleosome(s) roughly from positions �45 to �125. Note that because it was not possible to internally control for loading differences on the
gels, no quantitative comparison between lanes could be made.
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FIG. 4. The pattern of nucleosome occupancy and positioning across the MHC class I gene does not depend on active transcription. (A) MHC
class I transcription is abrogated in splenocytes cultured for 5 h in medium containing 50 �g of �-amanitin/ml. The inset shows MHC class I
transcript levels obtained using a nuclear run-on assay. (B) The top panel shows nucleosome occupancy in splenocytes incubated in medium alone
(�) or in medium with 50 �g of �-amanitin/ml (}). The bottom panel shows the MHC class I upstream regulatory region indicating amplified
regions (horizontal lines), important regulatory elements (f), and exons (o). The results are an average of two independent experiments. Error
bars represent the standard errors of mean. The lines drawn connecting data points do not necessarily imply levels between points. (C) Lanes 1
and 2, LMPCR products from splenocytes incubated in medium alone or in medium containing 50 �g of �-amanitin/ml, respectively, using primer
set I that maps the downstream edge of nucleosome(s) roughly from positions �110 to �25. The pattern of bands obtained has been reproduced
in two independent experiments. A map of the PD1 5� end and the position with respect to TSS are shown on the left. Densitometric scans of
LMPCR results are shown on the right (medium, red line; �-amanitin, black line). (D) Same as panel C, except using primer set V that maps the
upstream edge of nucleosome(s) roughly from positions �45 to �125.
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FIG. 5. MNase hypersensitivity correlates with expression level in tissues but does not change with induction or depend on active
transcription. (A) Map of the PD1 gene in B10.PD1 transgenic mice. The regions examined for nuclease-hypersensitive regions are indicated
by horizontal lines. The labeled HindIII/SacI probe is represented by a dotted line with an asterisk at the bottom of the figure. Its location
shows where it hybridizes to the PD1 gene. (B to D) Southern blots with MNase-treated and HindIII/SacI-digested samples from untreated
(B) and mock- and IFN-�-treated spleen, kidney, and brain (C) or from splenocytes cultured in medium alone or medium with �-amanitin
(D) probed with a fragment corresponding to the 1.4-kb PD1 5� region are presented. Fragment sizes corresponding to the band are marked
on the left. At the bottom of panel B, arrows indicate the positions of MNase-hypersensitive sites at the 5� end of the PD1 gene, and the
numbers on top of the arrows represent sizes of the bands (in kilobases) generated as a result of MNase hypersensitivity. Note that the
MNase concentration was standardized to optimize the cleavage of the 1.4-kb fragment and the generation of its derivative 1.0-kb
hypersensitive band. These conditions of MNase result in greater digestion of the 3.2-kb fragment (upstream copy of the gene). Due to the
decreased MNase hypersensitivity in the kidney and brain, the weaker hypersensitive bands derived from the 3.2-kb fragment are not always
visible.
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All three tissues displayed hypersensitive sites within the
upstream regulatory region of the MHC class I gene. However,
in contrast to their similar chromatin organization, the relative
intensities of the hypersensitive sites differed sharply among
the tissues and correlated with their levels of expression (Fig.
5B and see Fig. S3A in the supplemental material). In spleen
cells, a prominent hypersensitive site mapped to a region lo-
cated ca. 100 bp upstream of the TSS (1-kb band, Fig. 5B, top
left panel). Other minor sites were also observed (see the map
showing the location of the hypersensitive sites in Fig. 5B,
bottom panel). The positions of the hypersensitive sites were
confirmed by using a smaller probe (data not shown). Both of
the tandemly arrayed copies of the transgene displayed the
same pattern of hypersensitivity (Fig. 5B and see Fig. S3B in
the supplemental material), providing an internal confirmation
of the findings. The hypersensitive sites map within the region
of low nucleosomal occupancy. The same hypersensitive sites
were observed in nuclei from kidney and brain tissues. How-
ever, in contrast to the spleen, the hypersensitive sites in the
kidney and brain were weaker (see quantitation in Fig. S3A in
the supplemental material). Similar results were obtained
when DNase was used instead of MNase (data not shown).
Thus, there is a direct correlation between nuclease hypersen-
sitivity of the class I core promoter and tissue-specific expres-
sion levels. This is a striking and surprising finding, given that
the nucleosomal occupancies were indistinguishable among
the brain, kidney, and spleen. It indicates that the generation
of a nuclease-hypersensitive site is not directly related to nu-
cleosomal occupancy.

The finding that hypersensitivity did not directly correlate
with nucleosome occupancy suggested that it might be estab-
lished by factors associated with transcription. To test this
possibility, the effect on the hypersensitive sites of increasing
class I transcription by in vivo treatment with IFN-� was ex-
amined. Unexpectedly, induction of expression did not alter
the levels of hypersensitivity in any of the tissues (Fig. 5C).
Thus, the intensity of the hypersensitive site is not simply a
reflection of the transcription rate. To pursue this finding, the
effect of inhibiting transcription on MNase hypersensitivity was
assessed. Inhibition of transcription by �-amanitin also did not
result in any change in MNase hypersensitivity (Fig. 5D).
Therefore, ongoing transcription is not necessary to maintain
the hypersensitive site. Taken together, these results suggest
that the presence of a nuclease-hypersensitive site is not di-
rectly correlated with the rate of transcription but may reflect
the stable association of tissue-specific factors.

Differences in histone modifications and variants correlate
with class I expression levels. Distinct histone modifications
and histone variants have been associated with actively tran-
scribed and silent genes (reviewed in reference 34). To further
characterize the chromatin structure of the three tissues ex-
pressing different levels of class I, we compared the extent of
their histone modifications, specifically for marks associated
with active (H3K9/K14 acetylation marks both actively tran-
scribed genes and those poised for transcription; H3K4 tri-
methylation marks actively transcribed genes) and inactive
(H3K9 trimethylation) chromatin by ChIP analysis of native
mononucleosomes. Since the histone variant, H2A.Z, has been
reported to be present at inactive promoters that are poised for
expression (reviewed in reference 22), we also measured its

association with the class I promoter. Regions of the gene
probed by real-time PCR are shown schematically in Fig. 6, at
the bottom of each panel. It is important to note that all of the
results have been normalized for nucleosome occupancy.

Consistent with the high level of class I expression in the
spleen, splenic nucleosomes were more highly acetylated
throughout the class I gene than nucleosomes derived from the
kidney and brain (Fig. 6A), peaking around intron 1. In the
kidney and brain, acetylation levels were uniformly low
throughout the gene, with a small increase around intron 1.

High levels of H3K4 trimethylation, another mark associ-
ated with actively transcribed genes, were also observed in
spleen cells (Fig. 6B). Unlike the acetylation pattern, the H3K4
trimethylation was observed only at the 5� end of the gene. This
modification, like acetylation, peaked at intron 1. A similar
pattern of H3K4 trimethylation, but at much lower levels, was
observed in kidney and brain cells. Thus, increased H3K9/K14
acetylation and H3K4 trimethylation of nucleosomes immedi-
ately downstream of transcription initiation correlates with
increased expression of the class I gene. However, neither of
these marks was increased as a result of IFN-�-mediated in-
creases in gene expression (Fig. 6A and B).

H3K9 trimethylation, which is associated with inactive re-
gions of the genome, was found only in kidney and brain cells
and not in spleen cells (Fig. 6C). This modification was also
unaffected by IFN-� induction of the gene.

The presence of the histone variant, H2A.Z, has been pro-
posed to contribute to maintaining promoters poised for ex-
pression. On the PD1 gene, H2A.Z occupancy was restricted to
around 200 bp on either side of the TSS (Fig. 6D) in all three
tissues. H2A.Z was not detected at any significant level else-
where along the gene. The highest levels of H2A.Z on the class
I promoter were found in kidney cells, followed by intermedi-
ate levels in spleen cells, and were almost nonexistent on brain
cells. H2A.Z levels were unaffected by the induction of the
gene with IFN-�.

Thus, histone modifications are directly correlated with tis-
sue-specific levels of expression, while H2A.Z occupancy of
nucleosomes differs among the tissues. Surprisingly, activation
of transcription by IFN-� does not markedly alter these histone
modifications or H2A.Z occupancy.

DISCUSSION

The MHC class I genes encode cell surface molecules that
provide immune surveillance, triggering cellular immunity
against intracellular pathogens. Consistent with this role, class
I genes are ubiquitously expressed, although their expression is
highly regulated, varying over 2 orders of magnitude among
different tissues. Superimposed on the tissue-specific patterns
of expression, class I gene transcription is induced by inflam-
matory cytokines, such as IFN, in all tissues. In the present
study, we have examined the role of chromatin structure in
regulating both the tissue-specific and the cytokine-mediated
expression of the class I gene, PD1. We report that, in sharp
contrast to the remodeling of chromatin structure that accom-
panies the regulation of many other inducible genes, the chro-
matin structure of the MHC class I gene is remarkably constant
in vivo. Thus, the patterns of nucleosomal occupancy across
the gene and nucleosomal positioning around the promoter
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are virtually indistinguishable in tissues expressing widely dif-
ferent levels of class I in both the presence and the absence of
IFN-�. Tissue-specific differences occur in histone modifica-
tions and H2A.Z occupancy, but these are unaltered in re-
sponse to IFN-�-mediated activation of transcription. Our
findings indicate that chromatin organization of the class I
gene is uniform in different tissues, maintaining a conforma-
tion poised for transcription, which is consistent with the need
to rapidly induce transcription in response to intracellular
pathogens.

Although numerous studies have addressed the role of chro-
matin structure in transcriptional regulation in inducible genes,
most of those have been done in yeast or in cultured mamma-
lian cells, which may behave very differently than in their in
vivo environment. In contrast, we have examined the role
played by chromatin in transcriptional regulation of constitu-
tively active genes in vivo. We find that although the ubiqui-
tously expressed MHC class I gene is transcribed at widely
different levels in the spleen, kidney, and brain, the overall
pattern of nucleosomal occupancy across the gene was indis-
tinguishable in the three tissues. Three regions of relative nu-
cleosomal depletion were observed, two of which correspond
to known regulatory regions. One region is located between bp
�700 and �800 and encompasses a complex tissue-specific
regulatory element. The second region spans approximately
200 bp upstream of the TSS and encompasses many of the
important sequence elements associated with the transcrip-
tional regulation of the gene. The third region that is relatively
depleted of nucleosomes occurs around intron 1, suggesting
that it also may be the site of a regulatory element. These
results extend to tissues the results of large-scale studies on
nucleosome occupancy from yeast (5, 31, 32, 64) and human
(44) cell lines that have shown that promoters and TSSs of
actively transcribed genes are demarcated by nucleosome-de-
pleted regions. We speculate that the regions of relative nu-
cleosomal depletion are mediated either by binding of ubiqui-
tous transcription factors or by a promoter DNA structure
refractory to nucleosome formation. Several studies have re-
vealed that DNA structural parameters contribute to nucleo-
some occupancy and positioning in vivo (5, 25, 32, 36, 53, 54).
Indeed, computational analysis (33) of the class I promoter
region predicts very low nucleosome-forming potential (data
not shown), suggesting that accessibility to the MHC class I
promoter may be established by DNA sequences that are in-
trinsically poor at positioning nucleosomes.

Several studies have suggested that nucleosomal occupancy
is inversely proportional to transcriptional rates (5, 8, 13, 31,
32, 35, 46, 48, 49). However, this relationship does not hold for
the MHC class I gene. Nucleosomal occupancy upstream of

the TSS does not correlate with transcription rate, since no
differences were observed among the three tissues that vary
dramatically in expression. The only exception occurs immedi-
ately downstream of the TSS, within intron 1, where nucleo-
some occupancy does correlate with promoter activity. How-
ever, it is a direct correlation, not an inverse one: nucleosomal
occupancy was higher in the spleen than in the kidney or brain.
Similar results have been reported in yeast (32) and human
(52) cells. The latter report includes an analysis of human
MHC class I genes that is consistent with our results. We
speculate that the higher occupancy downstream of the TSS in
spleen cells may be established by the higher occupancy of Pol
II at the class I promoter (24; Weissman et al., unpublished). It
has been previously suggested that higher transcriptional rates
result in increased occupancy of Pol II and recruitment of
HDAC Rpd3S complex, leading to greater nucleosomal occu-
pancy (32). However, neither transcription activation by IFN-�
treatment nor transcription aborted by �-amanitin alters the
pattern of nucleosomal occupancy of the class I gene in any of
the tissues. Taken together, we conclude that neither the over-
all nucleosomal organization across the MHC class I gene nor
the tissue-specific occupancy at the promoter, once estab-
lished, is actively altered in response to the dynamic modula-
tion of transcription rates.

The only direct correlation between chromatin structure and
variations in transcription rate was at a nuclease-hypersensitive
site around the core promoter. The site is strong in the spleen
and successively weaker in the kidney and brain. Since nucleo-
some occupancy at the core promoter is indistinguishable
among the three tissues, these findings indicate that the hyper-
sensitive site does not reflect the extent of nucleosome occu-
pancy. Rather, we speculate that the extent of hypersensitivity
may reflect the relative abundance of transcription factors,
such as Pol II, on actively transcribed promoters. In support of
this interpretation, we have observed much higher levels of Pol
II at the promoter in spleen cells versus kidney or brain cells
(24; Weissman et al., unpublished). The low occupancy of
nucleosomes around the core promoter may keep it accessible
and poised for transcription; binding of specific transcription
factors establish the hypersensitive site. Significantly, the tis-
sue-specific nuclease hypersensitivity did not change on induc-
tion of the gene (the present study; L. Satz and D. Singer,
unpublished data). Thus, the class I gene differs markedly from
other genes, such as the human interleukin-12 (p35) gene
where induction by lipopolysaccharide and IFN-� results in
increased nuclease hypersensitivity (21). Furthermore, abroga-
tion of class I transcription did not result in a loss of the
hypersensitive site, indicating that a hypersensitive site once
formed does not change with transcription status. This is in

FIG. 6. Histone modifications positively associated with transcription (H3K9/K14 acetylation [A] and H3K4 trimethylation [B]) are higher at
the PD1 gene in highly expressing spleen cells than in lower expressing kidney or brain cells. On the other hand, kidney and brain have higher levels
of a histone modification negatively associated with transcription (H3K9 trimethylation [C]). In contrast, H2A.Z occupancy (D) showed a unique
tissue-specific pattern, where the kidney had the highest levels of H2A.Z, followed by the spleen, whereas the brain had very low levels of H2A.Z.
Panels A to D show the percentage of bound versus input in mock-treated spleen (�), IFN-�-treated spleen (}), mock-treated kidney (‚),
IFN-�-treated kidney (Œ), mock-treated brain (�), and IFN-�-treated brain (f). The bottom panel shows the MHC class I gene with amplified
regions (horizontal lines), important regulatory elements (f), and exons (o). The results are an average of two independent experiments. Error
bars represent the standard errors of mean. Input is the entire mononucleosomal fraction before immunoprecipitation, and hence the results
obtained are normalized to nucleosome occupancy. The lines drawn connecting data points do not necessarily imply levels between points.
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contrast to what has been observed for hepatic genes, where
hypersensitivity to nucleases disappears on �-amanitin treat-
ment (29). It is possible that these differences are due to
differences in Pol II occupancy. Whereas Pol II is lost from
hepatic genes after �-amanitin treatment (29), we did not
observe loss of Pol II from the class I promoter after �-amani-
tin treatment (Weissman et al., unpublished).

Nucleosomes occupied multiple discrete positions with pref-
erences for certain positions. Although we could not rule out
the possibility that relative occupancy at any given position
may vary between different tissues, occupancy did not correlate
with differences in expression. Interestingly, these preferred
positions remained the same across tissues in the presence or
absence of IFN-� or when transcription was abrogated by
�-amanitin. These results suggest that various transcriptional
rates did not change positioning. Since nucleosomes can oc-
cupy seven to eight discrete positions around the class I pro-
moter region, it is unlikely that the precise nucleosome posi-
tion influences class I expression. This is in contrast to the yeast
PHO5 gene, where the precise positioning of a single nucleo-
some affects expression (37); even a 2- to 3-bp shift in nucleo-
some positioning over the TATA box abrogated expression.
Multiple nucleosome positions, such as those observed here,
have been reported at the glucocorticoid responsive unit of the
tyrosine aminotransferase (Tat) gene in rat hepatoma cells
(13). However, in contrast to the class I gene, the nucleosomes
at the Tat gene were remodeled and lost on activation.

As opposed to nucleosome occupancy and positioning, his-
tone modifications and H2A.Z occupancy displayed a clear
correlation with the level of class I expression in tissues. The
histone marks associated with active transcription, H3K9/14
acetylation and H3K4 trimethylation, were much higher in the
spleen relative to the kidney or brain. Acetylation of H3K9/
K14 peaked downstream of the promoter, around intron 1, and
was observed even in brain. These results are consistent with
earlier observations in yeast that H3 acetylation levels peak in
regions downstream of the TSS (46, 50) and that many induc-
ible genes are marked by histone acetylation even when they
are not active (50, 61). Surprisingly, although these modifica-
tions correlated with tissue-specific levels of transcription, nei-
ther H3K9/14 acetylation nor H3K4 trimethylation changed
after activation of transcription by IFN-�. This finding suggests
that these marks may be established during development when
tissue-specific transcription levels are established; once estab-
lished, these marks remain unchanged. Further support for this
conclusion derives from a very recent genome-wide analysis
that revealed few changes in chromatin modifications following
T-cell activation (A. Barski and K. Zhao, unpublished obser-
vations).

A histone mark negatively associated with transcription,
H3K9 trimethylation, was detected across the extended pro-
moter and through intron 1 of the class I gene in both kidney
and brain cells but was barely detectable in spleen cells. Al-
though H3K9 trimethylation has primarily been observed in
heterochromatin (34), recent studies indicate that it is also
associated with the transcribed region of expressed genes (57,
60). Thus, these marks may serve to ensure low levels of tran-
scription, while keeping the gene poised for expression.

H2A.Z has been shown to occur immediately upstream and
downstream of the TSS and the nucleosome-depleted region at

promoters (1; reviewed in reference 22). Here we find that
more H2A.Z is associated with the MHC class I promoter in
kidney cells than in spleen cells, although the total amount of
H2A.Z protein is equivalent in both cell types (A. S. Kotekar,
unpublished observations). This argues for a tissue-specific
role for H2A.Z in transcriptional regulation. It has been sug-
gested that H2A.Z is preferentially associated with inactive
genes to enable their rapid induction (reviewed in reference
22). These findings are consistent with the interpretation that
although the promoter is only weakly active in kidney, it is
maintained in a poised configuration for a rapid response to
inductive stimuli. Accordingly, the promoter in the spleen,
which is constitutively active, presumably has a high turnover
of H2A.Z and hence appears to have relatively lower levels of
H2A.Z. Its absence in brain cells may be related to the distinct
mechanism of transcriptional control known to exist in these
cells (42). Thus, in contrast to observations using whole-ge-
nome scanning in Drosophila (40), H2A.Z occupancy did not
directly correlate with nucleosome organization at the MHC
class I promoter.

Overall, our results indicate that chromatin structure does
not actively regulate class I transcription but rather functions
to keep the core promoter poised and accessible for transcrip-
tion, to allow rapid activation of the gene without changes in
nucleosome occupancy, positioning, or histone modifications.
Supporting this model, MHC class I transcription can be in-
duced by IFN-� in the absence of BRG1, the ATPase subunit
of the chromatin remodeling complex SWI/SNF (Weissman et
al., unpublished). It is the tissue-specific differences in histone
modifications and H2A.Z occupancy that may play a role in
recruiting different proteins/complexes to effect proper tissue-
specific expression of the gene in different tissues. The present
study of a constitutively active gene suggests that genes that
need to be “on” at all times have evolved mechanisms (e.g.,
constitutive binding of transcription factors, a DNA structure
refractive to nucleosome assembly) that ensure promoter
access. These conclusions are supported by reports that
housekeeping and/or widely expressed genes have lower
nucleosome-forming potential at their promoters than do
tissue-specific genes (15, 25, 33).

A recent analysis of the yeast Pho5 promoter has found that
transcriptional activation is accompanied by assembly and dis-
assembly of nucleosomes at the promoter, possibly by a sliding-
mediated nucleosome disassembly process (7, 10). Similar nu-
cleosomal cycling may be responsible for the nucleosomal
depletion and multiplicity of positions that occur upstream of
the TSS of the class I gene. Such cycling would be independent
of active transcription, induction, or tissue-specific transcrip-
tion, and this process may be a prerequisite for transcription
“readiness.”

The surprising finding in the present study is that chromatin
organization does not directly correlate with transcription rates
in vivo. Rather, in the case of the MHC class I gene, nucleo-
somal organization is constant among different tissues with
widely different rates of transcription. Although histone mod-
ifications largely correlate with the homeostatic tissue specific
levels of transcription, they are not altered by cytokine-medi-
ated changes in transcription. Unlike other genes that have
been examined, regulation of MHC class I gene expression is
largely independent of changes in chromatin organization. The
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differences that we have described between the ubiquitously
expressed MHC class I gene and many other genes highlight
the complexity and diversity in chromatin organization that are
needed to achieve proper transcriptional regulation.
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