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The Kit receptor tyrosine kinase functions in hematopoiesis, melanogenesis, and gametogenesis and in
interstitial cells of Cajal. We previously identified two upstream hypersensitive site (HS) clusters in mast cells
and melanocytes. Here we investigated the roles of these 5� HS sequences in Kit expression using transgenic
mice carrying Kit-GFP reporter constructs. In these mice there is close correspondence between Kit-GFP
reporter and endogenous Kit gene expression in most tissues analyzed. Deletion analysis defined the 5�
upstream HS cluster region as critical for Kit expression in mast cells. Furthermore, chromatin immunopre-
cipitation analysis in mast cells showed that H3 and H4 histone hyperacetylation and RNA polymerase II
recruitment within the Kit promoter and in the 5� HS region were associated with Kit expression. Therefore, the
5� upstream hypersensitivity sites appear to be critical components of locus control region-mediated Kit gene
activation in mast cells.

Differential control of gene expression during embryonic
development and in the adult organism is mediated by the
interaction of the transcription machinery with cis regulatory
elements located at the promoter, upstream, or in intronic
sequences of a gene. The mechanism by which tissue-specific
gene expression is achieved involves the action of transcription
factors together with changes in chromatin structure. Chroma-
tin structure is a major determinant of gene expression, and
mechanisms of chromatin remodeling are critical components
of its regulation. Whereas SWI/SNF-like chromatin-remodel-
ing ATPases disrupt histone-DNA interactions, covalent N-
terminal histone modifications, including acetylation, methyl-
ation, and phosphorylation, also have important roles in the
remodeling of chromatin structure and the regulation of tran-
scription (36). In this way histone modification patterns have
been proposed to constitute a histone “code” which specifies
downstream functions (45). Hyperacetylation and hypoacety-
lation of histones H3 and H4 correlate with open/accessible or
closed/inaccessible chromatin structures, respectively, and
transcriptional activation or repression (22, 31). Thus, the
characterization of histone modification patterns has become
an important tool in studies of gene expression.

The Kit receptor tyrosine kinase (RTK) functions in distinct
cell populations during embryonic development and in the
postnatal animal (5, 6). During gametogenesis, Kit is expressed
in primordial germ cells as they migrate from the allantois to
the genital ridge (10, 35). Subsequently, during postnatal ga-
metogenesis, Kit is expressed in spermatogonia and oocytes
and in endocrine Leydig and thecal cells (2). In hematopoiesis
during embryogenesis and in postnatal animals, Kit is ex-
pressed in hematopoietic stem cells and lineage progenitors, as

well as in mast cells and eosinophils (5, 18, 48). In melanogen-
esis, Kit is expressed in migrating melanoblasts during embry-
onic development, in differentiated melanocytes in hair folli-
cles, and in the gastrointestinal tract in interstitial cells of Cajal
(7, 34, 41). Kit loss-of-function mutations affect hematopoiesis,
melanogenesis, and gametogenesis, as well as the autonomous
movement of the gastrointestinal tract. In summary, Kit expres-
sion is restricted to distinct cell types in which the Kit receptor
functions. Studies of the mechanisms that control cell type-
specific Kit expression are therefore of great significance.

The Kit RTK is encoded at the white spotting (W) locus on
mouse chromosome 5 in the vicinity of the RTKs PDGFR� and
flk1 and comprises 21 exons contained in 70 kb (13, 19, 20, 39,
40). Many W mutations affecting Kit structure and function
have been identified and characterized; the analysis of expres-
sion mutations has provided some insight into the mechanism
of tissue-specific Kit expression. Wsh and Wbd mutant mice
exhibit a pigmentation defect and lack tissue mast cells, but
they are fertile and not anemic; furthermore, Wbd mice lack a
functional network of interstitial cells of Cajal and intestinal
pacemaker activity (15, 28, 29). In W sh and W bd mutant mice,
Kit expression is diminished in hematopoietic progenitors in
the bone marrow (BM) and lost in bone marrow-derived mast
cells (BMMC). The W57 mutation is less severe, affecting mela-
nogenesis and reducing mast cell numbers, and Kit expression
is diminished in BM progenitors and BMMC, but like Wsh, this
mutation does not affect erythropoiesis and gametogenesis
(29). Our previous analysis of these mutations showed that the
Wsh mutation arises from a 2-cM inversion on mouse chromo-
some 5 sequences 75 kb upstream of the Kit transcription start
site, while W57 is a 110-kb deletion from approximately kb
�147 to �34 from the Kit transcriptional start site (4, 15, 29).
These observations suggested that the Wsh and W 57 mutations
affect 5� upstream elements controlling Kit gene expression.

Locus control regions (LCRs) are cis-acting elements that
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determine normal levels of copy number-dependent and inte-
gration site-independent tissue-specific expression of a linked
transgene in mice (21, 33). LCRs are composed of DNase
I-hypersensitive sites containing binding sites for tissue-specific
and ubiquitous transcription factors. The best-known example
of an LCR is in the �-globin gene cluster, where the LCR
regulates the expression of the different globin genes in a
developmentally controlled order (11, 17). It would be of great
interest to learn whether tissue-specific expression of the Kit
gene is in part controlled by an LCR.

Previously, we identified two hypersensitive site clusters in
bone marrow mast cells and melanocytes located at �147 to
�154 kb and �21 to �28 kb upstream of the Kit transcription
start site, respectively (4). DNase I-hypersensitive sites were
also observed in the vicinity of the Kit transcription start site in
the chromatin of Kit-expressing hematopoietic, melanocytic,
and embryonic stem cells. In addition, a cluster of four hyper-
sensitive sites has been detected in the middle of intron 1 in
hematopoietic cells (12). In order to investigate the roles of the
distant upstream sequences in Kit receptor expression in vari-
ous cell systems, we have made transgenic mice carrying bac-
terial artificial chromosome (BAC) reporter constructs con-
taining 200 kb upstream and 60-kb Kit coding sequences. In
these mice, the reporter gene reflects the expression of the
endogenous Kit gene in the brain, testis, oocytes, mast cells,
and melanocytes, although no expression was observed in he-
matopoietic progenitors in bone marrow. We show that se-
quences within the 5� upstream hypersensitive site cluster are
critical for Kit expression in mast cells. We have also investi-
gated molecular events associated with Kit activation in mast
cells and determined the pattern of histone H3 and H4 acet-
ylation and RNA polymerase II (Pol II) recruitment to the 5�
HS region and the Kit promoter. We propose that the 5�
upstream hypersensitivity sites are critical components of
LCR-mediated Kit gene activation in mast cells.

MATERIALS AND METHODS

BACs, transgenes, and transgenic mice. All BACs used in this study were
derived from the mouse BAC RP23-232H18 (BACPAC Resources), which in-
cludes 60 kb of Kit coding sequences and 200 kb of Kit 5� upstream sequences.
BAC RP23-232H18 was modified by using homologous recombination in bacte-
ria (51) to include an enhanced green fluorescent protein (EGFP) (GFP) ex-
pression cassette at the Kit translation start site. A 500-bp EcoRI fragment and
a 800-bp XbaI fragment corresponding to sequences 5� and 3�, respectively, of
the Kit translation start site and including the GFP reporter gene, was cloned into
the SalI site of the pSV1-RecA shuttle vector and was used to transform bacteria
containing the target BAC clone. Cointegrant and resolved clones were detected
by Southern blot analysis. Clones with the expected restriction pattern were
further analyzed by a panel of restriction enzymes, followed by Southern blotting
and hybridization with probes corresponding to the homology arms and the GFP
reporter gene. Furthermore, homologous recombination was used to generate
targeted deletions within the initial BAC200-Kit-GFP construct (37). Regions of
500 bp on either side of the deletions were amplified from the modified BAC200-
Kit-GFP clone. The PCR products were cloned in the pSV1-RecA shuttle vector
to generate the targeting vectors. Clones containing the deletion were identified
using PCR. Three constructs, BAC30-Kit-GFP, BAC3-Kit-GFP, and BAC200-
�5�HS-Kit-GFP containing, respectively, 30 kb, 3 kb, and 200 kb, including the 5�
HS deletion (7-kb SacI fragment) and 60 kb of Kit coding sequence were gen-
erated. BAC DNA was prepared using the PSI�CLONE BAC DNA isolation kit
(Princeton Separations) following the manufacturer’s instructions. After purifi-
cation with Ultrafree-MC filter (Millipore 30-kilodalton molecular mass cutoff;
catalog no. UFC3LTK25), circular DNA was diluted in injection buffer (0.1 M
NaCl, 10 mM Tris, pH 7.5, 0.1 M EDTA) and microinjected into the pronuclei
of C57BL/6 mouse zygotes. Microinjection was done at Sloan-Kettering Trans-

genic Core Facility. Transgenic founder animals were typed by using PCR with
the following primers from the EGFP reporter gene: forward (5�-CAGAAGA
ACGGCATCAAGGT-3�) and reverse (5�-GGCGGCGGTCACGAACTCCA
3�-). Transgenic founders were bred to C57BL/6 mice, and offspring were typed
by PCR using GFP primers.

DNA analysis. Transgenic mouse lines were characterized by Southern blot-
ting of tail DNA. Southern blotting and hybridization were carried out by stan-
dard procedures. Blots were scanned with a phosphorimager, and the results
were used to calculate the transgene copy number. The integrity of transgenes
was verified by pulsed-field gel electrophoresis. The preparation of samples for
pulsed-field gel electrophoresis, enzyme digestions, and electrophoresis were
performed as described previously (4, 15).

Cell culture. Mast cells from bone marrow of adult mice and 32D myeloid cells
were grown in RPMI 1640 supplemented with 10% fetal calf serum, 10% con-
ditioned medium from X63 interleukin 3 (IL-3)-producing cells, nonessential
amino acids, and sodium pyruvate.

RNase protection assays. Total cellular RNA was extracted from tissues by
RNAwiz (Ambion). T7 or T3 polymerase was used to prepare antisense mRNA
transcripts from linearized plasmids (MAXIscript in vitro transcription kit;
Ambion). GFP and Kit probes were fragments of 255 bp (GFP) and 370 bp (Kit
exons 3 to 5), respectively. The transcripts were gel purified (5% acrylamide, 8 M
urea denaturing gels) to isolate sense probes. The RNase protection experiments
were performed using the RPA III RNase protection assay kit (Ambion). Pro-
tected RNA fragments were visualized with a phosphorimager.

Immunohistochemistry and microscopy. Paraffin sections (8 �m) from 4%
paraformaldehyde-fixed tissues were processed for immunohistochemistry at the
Molecular Cytology Core Facility of the Memorial Sloan-Kettering Cancer Cen-
ter using Discovery staining module (Ventana Medical Systems). The incubation
with the anti-GFP antibody (rabbit polyclonal antibody; Molecular Probes cat-
alog no. A11122) was followed by biotinylated goat anti-rabbit immunoglobulin
G (Vectasin ABC kit, catalog no. PK-6101). Diaminobenzidine was detected with
a kit containing blocker D, copper D, inhibitor D, streptavidin-horseradish per-
oxidase D, and diaminobenzidine D (Ventana Medical Systems) and used ac-
cording to the manufacturer’s instructions. Imaging was carried with a Zeiss
Axioplan 2 microscope, equipped with Qimaging Retiga EX charge-coupled
device camera and Improvision image acquisition software. The dorsal trunk
region from E11.5 (embryonic day 11.5) embryos was optically sectioned with a
Leica TCS SP2 confocal microscope, using a 488-nm laser line.

Flow cytometry analysis. Monoclonal antibodies were from BD Pharmingen.
Appropriately labeled isotype controls and single/double-color-stained cells were
always used to define the specific gates. A FACScalibur or FACScan (BD
Biosciences) was used for analysis.

BMMC, peritoneal mast cell, and melanocyte analyses. Bone marrow-derived
mast cells were derived from total BM cells as previously described (1). Perito-
neal mast cells were obtained by postmortem peritoneal lavage with 5 ml of
phosphate-buffered saline (PBS). A total of 3 	 105 cells resuspended in 200 �l
staining buffer (PBS without Ca2� and Mg2�, 3% fetal calf serum, 0.02% NaN3)
were incubated for 20 min at 4°C with 0.5 �g of murine Fc block (anti-mouse
CD16/CD32 monoclonal antibody), followed by a 30-min incubation with 1 �g of
allophycocyanin (APC)-conjugated anti-Kit monoclonal antibody. The cells were
then washed, resuspended in 400 �l of staining buffer, and analyzed.

(i) Analysis of bone marrow cells. Bone marrow was flushed from femora with
PBS, and a single-cell suspension was obtained by gentle pipetting and passage
through a nylon strainer (Falcon). A total of 2.5 	 106 cells were resuspended in
staining buffer and incubated for 15 min at 4°C with 1 �g of murine Fc block and
then labeled with a mix of lineage-specific monoclonal antibodies (anti-mouse
Ter119, B220, Mac-1, Gr-1, CD4, CD8, and CD3) conjugated to phycoerythrin
(PE) and anti-Kit monoclonal antibody conjugated to APC. If necessary after
incubation, mature red cells were depleted by hypotonic lysis (PharM Lyse; BD
Pharmingen).

(ii) Sorting of lin� Kit� cells. A total of 1 	 108 bone marrow cells from
femora and tibias were stained with lineage-specific PE-conjugated monoclonal
antibodies and APC-conjugated anti-Kit monoclonal antibody. Gated lineage-
negative, Kit-positive (lin� Kit�) bone marrow cells were sorted by a FACS-
Vantage flow cytometer (BD Biosciences) or MoFlow sorter (Cytomation). Pu-
rification of the skin cells was performed as described previously (8). Briefly, skin
from 4- to 5-day-old mice was incubated with collagenase (Sigma) following
trypsinization. Neutralized cell suspension was obtained by passing the cells
throughout 70-�m and 40-�m strainers (Falcon). A total of 5 	 106 cells resus-
pended in staining buffer were labeled with a specific monoclonal antibody,
biotin-conjugated rat anti-mouse CD117 (c-kit) and APC-conjugated anti-CD45
monoclonal antibody (BD Pharmingen). Cells were gated for single events and
viability and then sorted according to their expression of CD45�/Kit�/GFP and
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CD45�/Kit�/GFP. Fluorescence-activated cell sorting (FACS) analyses were
performed either on FACSort or BD LSR (BD Biosciences).

ChIP and DNA analyses. Chromatin immunoprecipitation (ChIP) experi-
ments were performed according to a protocol provided by Upstate Biotechnol-
ogy. For ChIP with BMMC and 32D cells, 106 cells were used per immunopre-
cipitation. Briefly, the cells were cross-linked with 1% formaldehyde, collected,
and washed with PBS containing protease inhibitors. The cells were resuspended
in 200 �l sodium dodecyl sulfate lysis buffer on ice for 10 min and then sonicated
with 8 sets of 12-second pulses by a Branson Sonifier 250 cell sonicator to an
average DNA size of 600 to 1,000 bp. Antibodies against acetyl-histone H4 and
acetyl-histone H3 were purchased from Upstate Biotechnology, and rabbit anti-
RNA polymerase II was obtained from Santa Cruz Biotechnology. DNAs were
phenol-chloroform extracted and ethanol precipitated. Five percent (by volume)
of the immunoprecipitated material was used as a template for semiquantitative
radiolabeled PCR; 25 cycles of amplification were followed by the addition of
0.125 mCi [�-32P]dCTP. PCR products were resolved on 4.5% acrylamide gels,
dried, and exposed on a phosphor screen, and images were quantitated by
ImageQuant.

Primers. Oligonucleotides for the constructs were as follows: for BAC200-Kit-
GFP, HomologyA (5�-GGAATTCTTACTGAGGTCAGGGGTG-3� and 5�-GG
AATTCCATCGCGGTGGCTGCGCTAG-3�) and HomologyB (5�-GCTCTAG

AGCGCCTGGGATCTGCTCTGC-3� and 5�-GCTCTAGAGCTGCAGAGAG
GGGCGAGCC-3�); for BAC30-Kit-EGFP, HomologyA (5�-GACATCAGAGT
CGACGGCATTTTTGATACATAA-3� and 5�-TCTCATTTAGTTGACACTC
TTCTCTTTTTG-3�) and HomologyB (5�-GAGAAGAGTGTCAACTAAATG
AGACCTTGCTT-3� and 5�-GACATCAGAGTCGACATGCCCTGTGAGAA
CTTGAC-3�); for BAC3-Kit-GFP, HomologyA (5�-GACATCAGAGTCGACG
GCATTTTTGATACATAA-3� and 5�-TGTGAATAGGTTGACACTCTTCTC
TTTTTG-3�) and HomologyB (5�-GAGAAGAGTGTCAACCTATTCACATC
CAACAC-3� and 5�-GACATCAGAGTCGACACCCACCTCACATCTCCTT
A-3�); and for BAC200�5
HS-Kit-GFP, HomologyA (5�-GACATCAGAGTCGA
CCACCTATCCTGACCATCC-3� and 5�-TTGCCTGCTATTCCAACAACTAAA
ACACAT-3�) and HomologyB (5�-TTTAGTTGTTGGAATAGCAGGCAAAA
CAGG-3� and 5�-GACATCAGAGTCGACTCATCAAGGTGGAAGCAT-3�).

Primers to identify the deletion constructs were as follows: for BAC30-Kit-
GFP, 5�-GGCATTTTTGATACATAA-3� and 5�-GTGGGGGAGAAACTACA
AAC-3�; for BAC3-Kit-GFP, 5�-GGCATTTTTGATACATAA-3� and 5�-CACC
CCCTAAGCACATTCCT; and for BAC200�5
HS-Kit-GFP, 5�-TAATCCAAG
GTTCATGCCC-3� and 5�-AGGTTCAGAGGTTCGGTCCA-3�.

Oligonucleotides for ChIP were as follows: P1, 5�-TCCCCAGACTTTACAAT
A-3� and 5�-TGCCAACCTCATCATACT-3�; P2, 5�-AAACAGCACAAGCCAAG
C-3� and 5�-GGGATTCGGAGATTACAG-3�; P3, 5�-GTCAGCAGGCGGTTCA

FIG. 1. Derivation of transgenic mice carrying BAC-Kit-GFP reporter constructs. (A) Schematic representation of the mouse Kit locus. Black
arrowheads above the locus indicate the positions of the mast cell HS clusters. Arrows below the locus show the localization of the mast cell-specific
HSs (black) and melanocyte-specific HSs (gray). (B) A GFP reporter was placed at the Kit translation start site in exon 1 of the BAC RP23-232H18
(BAC200-Kit-GFP). The BAC200-Kit-GFP construct includes 200 kb 5� upstream sequences and 60-kb Kit coding sequences. Arrows indicate the
positions of the 5� and 3� HS clusters. The BAC30-Kit-GFP and BAC3-Kit-GFP constructs include 30 and 3 kb of 5� upstream sequences of the
Kit gene, respectively. In BAC200-�5�HS-Kit-GFP, the 5� HS cluster sequences (7 kb) were deleted. (C) Determination of transgene copy numbers
by Southern blot analysis in transgenic mice carrying the four different constructs. DNA from cerebellum was digested with SpeI and hybridized
with a probe located at the 5� end of the BAC-RP23-232H18. The transgenic lines carrying the different constructs are indicated. (D) Copy
number-dependent expression of the GFP transgene. The ratios of the DNA signals of the GFP transgene versus endogenous Kit gene were
determined with a phosphorimager and are represented in the histogram by black bars. Error bars represent the standard deviations from three
independent Southern analyses. The ratios of GFP RNA versus endogenous Kit RNA expression levels in BMMC (BAC200-Kit-GFP mice) and
in cerebellum (BAC30-Kit-GFP, BAC3-Kit-GFP, and BAC200-�5�HS-Kit-GFP) were determined with a phosphorimager. GFP expression levels are
shown as white bars.
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TC-3� and 5�-GAGGTGGGGAGTGGAGTG-3�; P4, 5�-TGTCATTCACTCTTC
CTG-3� and 5�-TTGCTTGTTTACTGTTTG-3�; P5, 5�-CACAAAGGACAAAAA
CAT-3� and 5�-ATCAGGTATCAGCAAGGT-3�; P6, 5�-TTTCTTCAGTGGTGT
AGC-3� and 5�-TCTCCCGTTTCCTCGTTA-3�; P7, 5�-GAGTGAGCATCCCTA
CCA-3� and 5�-TGTGAACCTTATCCTTAT-3�; P8, 5�-CTGGCGATTCATTTG
GTA-3� and 5�-CTGGGGTCTTTCACACAT-3�; P9, 5�-CCAAAGAAACTAAAC
TGC-3� and 5�-ATCATCCAACGAAGAATC-3�; Promoter 1, 5�-AACACCTCCA
CCATAAGC-3� and 5�-TAGCACTCTCCCTCCATC-3�; Promoter 2, 5�-AGGCA
GCGGGAGGGAGTG-3� and 5�-TTGTGGCCGTTTACGTCG-3�; P3 EGFP, 5�-
CAGAAGAACGGCATCAAGGT-3� and 5�-GGCGGCGGTCACGAACTCCA-3�;
Promoter 4, 5�-AGGCAGCGGGAGGGAGTG-3� and 5�-GAGCAGGACCAACAG
GAC-3�; and Promoter 5, 5�-AGGCAGCGGGAGGGAGTG-3� and 5� CCATCGC
GGTGGCTGCGCTAG-3�.

RESULTS

Generation of BAC transgenic mice carrying Kit-GFP re-
porter constructs. In order to identify cis-acting control ele-
ments involved in the transcriptional regulation of the Kit gene,
we carried out a functional analysis using BAC transgenic
mice. We identified a clone from a mouse BAC library (RP23-
232H18) containing 60 kb of coding sequences and 200 kb of 5�
upstream sequences of the Kit gene (27). Subsequently, by
using bacterial homologous recombination methodology (50),
the BAC clone was modified by inserting an EGFP reporter
gene (GFP) at the Kit translation start site in exon 1, as shown
in Fig. 1. The resulting recombinant BAC was characterized
extensively by restriction mapping using standard and pulsed-
field gel electrophoresis. These analyses confirmed the pres-
ence of the targeted modification and failed to reveal any
rearrangements or deletions in the modified BAC200-Kit-GFP
clone. DNA from the BAC200-Kit-GFP clone was analyzed for
integrity by pulsed-field gel electrophoresis and then microin-
jected into fertilized mouse oocytes to produce transgenic
founder animals. Tail DNA prepared from founder offspring
(Fo) was screened by PCR for the presence of the GFP gene,
and transgene copy numbers were determined by Southern
blot analysis (Fig. 1; Table 1). To confirm the integrity of the

transgene in the three transgenic lines carrying the BAC200-
Kit-GFP construct (lines T20, T91, and T127), high-molecular-
weight DNA recovered from the spleen of F1 animals was
embedded in agarose plugs and then analyzed by pulsed-field
gel electrophoresis and blot hybridization. The GFP gene and
a 500-bp fragment corresponding to the 5� end of the BAC
clone were used as probes to detect the NotI restriction frag-
ment predicted from integration of the intact BAC200-Kit-GFP
clone. The two probes detected the 200-kb NotI band in all
three lines, indicating that each transgenic mouse line carried
nonfragmented copies of the transgene.

Expression analysis of BAC200-Kit-GFP transgenic mice. To
determine whether the BAC200-Kit-GFP transgene mirrored
endogenous Kit mRNA expression, we analyzed GFP reporter
gene expression in different tissues using RNase protection
assays. Kit-GFP reporter expression was evident in the cere-
bellum, testis, bone marrow-derived mast cells, and ovary, but
not in the liver in the three lines analyzed. Analysis of these
tissues from one line, T20, carrying two copies of the transgene
is shown in Fig. 2A. Close correspondence between the expres-
sion of Kit-GFP reporter genes and endogenous Kit genes was
observed in these tissues, except in the ovary where the level of
transgene expression was lower than expected. Furthermore,
Kit-GFP transgene expression was analyzed in BMMC of the
three BAC200-Kit-GFP lines relative to the levels of endoge-
nous Kit expression. By RNase protection assay and by FACS
analysis, all three lines were positive for Kit-GFP expression. In
addition, FACS analysis showed that 80% or more of the
Kit-positive BMMC were also GFP positive (Fig. 4). Thus, the
transgene was expressed in all lines irrespective of its site of
integration, and the levels of expression were closely related to
transgene copy number (Fig. 1 and 2A).

To further evaluate Kit-GFP reporter gene expression in
tissues of transgenic mice, we performed immunohistochemi-
cal analysis on sections of adult organs using an anti-GFP
antibody (Fig. 2B). Consistent with the known pattern of the
endogenous Kit expression, Kit-GFP transgene expression was
detected in the cerebellar stellate and basket neurons and their
axons. In the adult testis, transgene expression was confined to
spermatogonial cells and Leydig cells. In the ovary, Kit-GFP
expression was observed in oocytes at all stages of follicle
development but was absent in thecal cells (Fig. 2B). In E11.5
embryos, BAC200-Kit-GFP transgene expression was observed
in primordial germ cells in the mesentery and gonadal ridges
(Fig. 2B) and in melanoblasts (not shown) by using confocal
microscopy, again in agreement with endogenous Kit expres-
sion. Expression was highly tissue specific and did not extend to
surrounding tissues. In addition, Kit-GFP reporter expression
was examined in mast cells and melanocytes from dorsal skin
of the T20 transgenic mouse line. Single-cell suspensions from
back skin of 4-day-old transgenic mice were prepared and
analyzed by FACS (Fig. 3). Two positive populations were
detected: GFPhigh cells expressing CD45 and Kit, presumptive
mast cells, and GFPlow, Kit�, CD45� cells corresponding to
melanocytes.

GFP reporter gene expression was also analyzed in hema-
topoietic progenitors in the bone marrow by FACS in the three
BAC200-Kit-GFP transgenic lines. Kit-positive cells were
present in the lin� subset of cells in the adult BM (5, 9, 30). As
expected, no GFP-positive cells were detected in the Kit-neg-

TABLE 1. Transgene copy numbers in BAC200-Kit-GFP, BAC30-
Kit-GFP, BAC3-Kit-GFP, and BAC200-�5�HS-Kit-GFP

transgenic micea

BAC construct Transgenic mouse
line

No. of transgene
copies

BAC200-Kit-GFP T20 2
T91 4
T127 8

BAC30-Kit-GFP T51 11
T57 50
T76 50
T93 4

BAC3-Kit-GFP T4 27
T29 2
T33 30
T39 14
T71 1

BAC200-�5�HS-Kit-GFP T78 3
T92 3

a Transgene copy numbers were determined by comparing Kit-GFP and en-
dogenous Kit signals from Southern blot analyses of genomic DNA using a
phosphorimager (Bio-Rad).
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ative fraction; however, only a small fraction (13%) of the lin�

Kit� population expressed the GFP reporter (Fig. 4A). To
further investigate the characteristics of the Kit� GFP� and
Kit� GFP� cells, both populations were sorted by FACS. The
two fractions were then grown in medium supplemented with
IL-3 to produce BMMC. After 4 weeks in culture, only the
Kit� GFP� cells gave rise to BMMC. Significantly, the BMMC
derived from the GFP-negative subpopulation expressed high
levels of the GFP transgene, demonstrating that the Kit-GFP
reporter is turned on upon differentiation into mast cells (Fig.
4B). Taken together, these results suggest that the BAC200-
Kit-GFP transgene includes most of the regulatory sequences
required for cell type-specific Kit expression in primordial
germ cells and melanoblasts during embryonic development, in
oogenesis, and in the testis, in the cerebellum’s basket and
stellate neurons, in mast cells, and in melanocytes, but not in

hematopoietic progenitors in the bone marrow and the fetal
liver (not shown) and in thecal cells of the ovary.

Distant upstream sequences are required for Kit expression
in mast cells. To further define the roles of upstream regula-
tory sequences in cell type-specific Kit expression, we used
bacterial homologous recombination to generate three Kit-
GFP reporter constructs with 30 kb (BAC30-Kit-GFP) and 3 kb
(BAC3-Kit-GFP) of 5� upstream sequences, respectively (37).
In addition, a construct, BAC200�5�HS-Kit-GFP, was made in
which the 5� HS cluster region, a 7-kb (kb �147 to �154) SacI
fragment, was deleted (Fig. 1B). Transgenic mice carrying
these constructs were obtained, the integrity of the transgenes
was characterized, and the copy number was determined as
described above (Table 1). We obtained the following trans-
genic mouse lines: four lines with BAC30-Kit-GFP (T51, T57,
T76, and T93), five lines with BAC3-Kit-GFP (T4, T29, T33,

FIG. 2. GFP reporter expression in BAC-Kit-GFP transgenic mice. (A) RNase protection assay. Total RNA from cerebellum, testis, ovary, and
liver (as indicated) of BAC200-Kit-GFP, BAC30-Kit-GFP, BAC3-Kit-GFP, and BAC200-�5�HS-Kit-GFP transgenic mice was processed for RNase
protection assay using 32P-labeled riboprobes specific for GFP and endogenous Kit RNA. Analysis of Kit-GFP and endogenous Kit expression in
BMMC from T20, T91, and T127 BAC200-Kit-GFP mice by RNase protection and FACS analysis is shown. Mean values of fluorescence are
indicated. Max, maximum. (B) Immunohistochemical detection of Kit-GFP transgene expression with anti-GFP antibody (signal in brown;
hematoxylin counterstain in blue). Oocytes in the control ovary have no signal, while in the BAC200-Kit-GFP transgenic ovary, oocytes are stained
in brown (red arrows). Representative sections of testis and cerebellum from nontransgenic and BAC200-Kit-GFP, BAC30-Kit-GFP, BAC3-Kit-
GFP, and BAC200-�5�HS-Kit-GFP transgenic mice are shown. In the testis, Kit-GFP expression is found in spermatogonia (red arrow), and white
stars show GFP expression in Leydig cells. The molecular layer (m) of the cerebellum shows staining in basket and stellate cell bodies as well as
axons and dendrites. In addition, the molecular layer neurons form brown baskets around Purkinje cell bodies (p). Confocal microscopy identifies
primordial germ cells in the mesentery and the gonadal ridge of E11.5 BAC200-Kit-GFP mouse embryos (red arrow).
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T39, and T71), and two lines with BAC200�5�HS-Kit-GFP
(T78 and T92).

Analysis of GFP reporter gene expression in these mice was
again determined by RNase protection, FACS, and immuno-
histochemistry. In the BAC30-Kit-GFP mice, Kit-GFP reporter
expression in cerebellum, testis, and ovary was comparable to
that in mice carrying the intact BAC200-Kit-GFP transgene
and expression remained copy number dependent (Fig. 1 and
Fig. 2A and B). Therefore, the regulatory sequences control-
ling Kit expression in these tissues are located within the
BAC30-Kit-GFP construct. However, none of the transgenic
lines (T51, T57, T76, and T93) expressed the Kit-GFP reporter
in BMMC and in hematopoietic progenitors in the bone mar-
row (Fig. 4A). These observations indicate that additional 5�
upstream sequences not present in the BAC30-Kit-GFP trans-
gene are necessary for Kit expression in mast cells. Analysis of
Kit-GFP reporter expression in the cerebellum and testis of
BAC3-Kit-GFP transgenic mice showed that expression levels
were lower than expected in mice with multicopy transgenes
(Fig. 1 and Fig. 2A and B). Evidence for ectopic Kit expression
was observed in the ovary of one of the lines. None of these
transgenic lines (T4, T29, T33, T39, and T71) expressed the
transgene in mast cells (Fig. 4A). Importantly, neither one of
the two BAC3-Kit-GFP mice carrying only one or two copies of
the transgene expressed the Kit-GFP reporter in any tissue
analyzed (Fig. 2A). Thus, proximal regulatory elements appear
to be insufficient to drive Kit-GFP reporter expression in a
reproducible fashion and at wild-type (WT) levels.

We had previously identified a hypersensitive site cluster
located between kb �147 and �154 (HS1, -2, and -3 and HSm2
and -m3) upstream of the Kit transcription start site in mast
cells and melanocytes. FACS analysis of BMMC, peritoneal,
and skin mast cells and melanocytes from BAC200-�5�HS-Kit-
GFP mice, which lack these sequences, showed no GFP ex-
pression in BMMC and severely reduced reporter gene expres-
sion in skin (Fig. 3 and 4A) and peritoneal mast cells (not
shown). However, the number of melanocytes expressing the
GFP reporter in 4-day-old T92 BAC200-�5�HS-Kit-GFP mice
was comparable to that in T20 BAC200-Kit-GFP mice (Fig. 3).
Taken together, these results provide evidence that the 5� HS
cluster sequences are essential for Kit expression in mast cells
but not in melanocytes. Analysis of Kit-GFP reporter expres-
sion in the cerebellum of BAC200-�5�HS-Kit-GFP mice was
analogous to that in mice carrying the intact BAC200-Kit-GFP
transgene, although specific staining in the molecular layer
appeared to be somewhat reduced compared to that in the
BAC200-Kit-GFP mice. However, in the testis only, Leydig
cells were stained, while spermatogonia lacked signal in the
two different lines analyzed (Fig. 2B).

Histone H3 and H4 hyperacetylation in the 5� HS cluster
region correlates with an open chromatin structure. Enhanc-
ers and promoters of transcriptionally active genes are associ-
ated with open chromosomal regions, which are sensitive to
nuclease digestion of DNase I-hypersensitive sites (49). In ad-
dition, modification of histones H3 and H4 is associated with
gene activation in a number of systems and tends to be maxi-
mal at known regulatory sequences. To further define the
chromatin structure in the 5� HS cluster of the Kit gene, we
characterized histone acetylation using chromatin immunopre-
cipitation. Formaldehyde-cross-linked chromatin from BMMC
was immunoprecipitated with antibodies specific for the acety-
lated forms of histones H3 and H4. The amount of immuno-
precipitated DNA was quantitated by semiquantitative PCR,
using primers spanning the regions of interest, comparing the
PCR products of the immunoprecipitated DNA and input
DNA. The overall levels of H3 and H4 acetylation were as-
sessed in the 5� HS cluster of BMMC from WT and Wsh/sh

mice, in Kit-negative myeloid 32D cells and in Kit-expressing
lin� Kit� BM progenitor cells. In mast cells from WT and
Wsh/sh mice, H3 and H4 acetylation levels were shown to be
two- and eightfold higher than in 32D cells, indicating a cor-
relation between H3 and H4 hyperacetylation and an open
chromatin structure in the 5� HS cluster (Fig. 5). The mast cell
specificity of the acetylation pattern was established by com-
paring these results with those obtained from analysis of lin�

Kit� hematopoietic progenitors isolated from BM. ChIP assays
of lin� Kit� hematopoietic progenitors revealed no acetylation
enrichment in the 5� HS cluster (Fig. 5).

To evaluate the relation between histone acetylation and
transcriptional activation, we also characterized the histone
acetylation status of the proximal Kit promoter. High levels of
H3 and H4 acetylation were detected in Kit-expressing BMMC
and in lin� Kit� BM cells. In contrast, in Kit-negative mast
cells from W sh/sh mice and in 32D cells, histone H3 and H4
acetylation levels were not increased (Fig. 6). Taken together,
these data indicate that whereas acetylation in the 5� HS clus-
ter region correlates with Kit expression in mast cells, hyper-

FIG. 3. Kit-GFP reporter expression in mast cells and melanocytes
in P4 back skin of BAC200-Kit-GFP (T20) and BAC200-�5�HS-Kit-
GFP transgenic mice (T92). Cell suspensions of dorsal skin were
stained with APC-conjugated anti-Kit and anti-CD45 antibodies, and
cells were analyzed by FACS on the basis of Kit, CD45, and GFP
expression. In the bar graph, the numbers of Kit� CD45� (mast cell
subset) and Kit� CD45� (melanocyte subset) cells expressing Kit-GFP
from BAC200-�5�HS-Kit-GFP mice relative to the numbers of Kit-
GFP expressing Kit� CD45� and Kit� CD45� cells from BAC200-Kit-
GFP mice are shown. The standard deviations are indicated by the
error bars (n � 3).
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acetylation in the promoter region correlates with Kit gene
expression in mast cells and in hematopoietic progenitor cells.

Deletion of the 5� HS region abolishes histone H3 and H4
hyperacetylation at the Kit promoter. We also investigated the
consequences of deletion of the upstream regulatory se-
quences on chromatin structure in the Kit promoter and de-
termined the pattern of acetylation of histones H3 and H4 in
the Kit promoter of BMMC isolated from Wsh/sh mice, which
lack endogenous Kit expression, carrying either the BAC200-
Kit-GFP, BAC30-Kit-GFP, or BAC200-�5�HS-Kit-GFP trans-
gene. Strong hyperacetylation was observed in the Kit pro-
moter sequences and in the GFP-coding sequences in BMMC
of Wsh/sh mice carrying the BAC200-Kit-GFP transgene. In
contrast, no H3 and H4 hyperacetylation was apparent in
BMMC isolated from Wsh/sh carrying the BAC30-Kit-GFP or
BAC200-�5�HS-Kit-GFP transgene (Fig. 6). The loss of H3

and H4 hyperacetylation in these BMMC was consistent with a
lack of GFP expression in the mast cells of both transgenic
lines. Therefore, these results imply that, in mast cells, both
histone acetylation in the promoter region and transcriptional
activation of the Kit gene require a functional 5� HS cluster.

Recruitment of RNA Pol II to the 5� HS cluster and pro-
moter region in mast cells. RNA polymerase II has been re-
ported to associate with distal upstream transcriptional control
elements in several model systems (25, 42, 47). A long-range
transfer mechanism in which Pol II is first recruited to the
upstream regulatory element and then transferred to the pro-
moter has been proposed. To further characterize the 5� HS
cluster and its role in the transcriptional regulation of the Kit
gene, we sought to determine whether Pol II is recruited to this
region. Using ChIP analysis and semiquantitative PCR with
primers spanning this region, we measured Pol II binding in

FIG. 4. Representative flow cytometric analysis of GFP expression in bone marrow progenitor cells (BM) and in bone marrow-derived mast
cells of BAC200-Kit-GFP (T20), BAC30-Kit-GFP (T93), BAC3-Kit-GFP (T29), and BAC200-�5�HS-Kit-GFP transgenic mice (T92). (A) BM cells
were stained with PE-conjugated anti-Lin and APC-conjugated anti-Kit antibodies, and cells within the lin� gate were analyzed on the basis of Kit
and GFP expression. Only a small fraction (13%) of the Kit� cells expressed the GFP in the BAC200-Kit-GFP transgenic mice. No GFP expression
was found in lin� Kit� BM cells of BAC30-Kit-GFP, BAC3-Kit-GFP, and BAC200-�5�HS-Kit-GFP transgenic mice in all the transgenic lines
analyzed. BMMC were stained with APC-conjugated anti-Kit antibody and analyzed for Kit and GFP expression. Expression of the GFP reporter
was detected only in the BMMC of the BAC200-Kit-GFP transgenic mice. (B) Kit� GFP� and Kit� GFP� lin� Kit� BM cells from BAC200-
Kit-GFP transgenic mice were sorted by FACS. After 3 weeks of culture in IL-3-containing medium, only the Kit� GFP� cells gave rise to BMMC
expressing the GFP transgene. Kit� GFP� cells die after 3 days in culture.
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WT BMMC and myeloid 32D cells. Significant association of
Pol II was observed with the HS3 region (Fig. 7) in the 5� HS
cluster region of WT mast cells. Next we investigated the
association of Pol II with the Kit promoter in WT and W sh/sh

BMMC and 32D myeloid cells. Strong Pol II association was
detected in WT BMMC but not in BMMC from Wsh/sh mice
and in the 32D myeloid cells (Fig. 7). Thus, Pol II recruitment
to the HS3 and to the Kit promoter regions correlates with Kit
expression in BMMC. In addition, we wanted to determine
whether the 5� HS cluster induces Pol II recruitment to the Kit
promoter. To investigate this question, we analyzed Pol II
association with the promoter sequences in BMMC obtained
from Wsh/sh mice carrying the BAC200-Kit-GFP and BAC30-
Kit-GFP transgenes and in BAC200�5�HS-Kit-GFP transgenic
mice. ChIP analysis revealed a significant recruitment of Pol II
to the promoter sequences in BMMC carrying the BAC200-
Kit-GFP transgene but not in cells carrying the BAC30-Kit-
GFP and the BAC200-�5�HS-Kit-GFP transgenes (Fig. 7).
Therefore, these results indicate that in mast cells, association
of Pol II with the HS3 region in the 5� HS cluster correlates
with RNA polymerase II recruitment to the promoter and
transcriptional activation.

DISCUSSION

The Kit gene is expressed in hemato- and lymphopoietic
progenitor cell populations, mast cells, and eosinophils and in
gametogenesis and melanogenesis and in the pacemaker cells
of the intestinal tract. In order to investigate the mechanisms
controlling tissue-specific Kit gene expression, we previously
characterized two different Kit expression mutations: Wsh and
W57 (4, 14, 15). Molecular characterization of these mutations
identified a far upstream 3� breakpoint for the Wsh inversion at
kb �72 and for W57 deletion endpoints at kb �34 to �38 and
kb �146 to �147 upstream of the kit transcription start site.
Since these mutations diminish or abolish Kit expression in

FIG. 5. Analysis of histone H3 and H4 acetylation in the chromatin of the 5� HS cluster region. Formaldehyde-cross-linked chromatin obtained
from WT (�/�) BMMC, W sh/W sh BMMC, 32D cells, and lin� Kit� BM cells was immunoprecipitated with antibodies directed against acetylated
forms of histones H3 and H4, and the amount of the immunoprecipitated and input DNA was assayed by semiquantitative PCR. A schematic
representation of the Kit locus is shown at the top. The positions of the different PCR amplification units (P1 to P9) on the 7-kb SacI fragment
are indicated by horizontal bars. The ratios of signals of bound versus input chromatin were determined with a phosphorimager and are
represented in the histogram. The error bars represent the standard deviations from three independent ChIP experiments.

FIG. 6. Analysis of histone H3 and H4 acetylation in the chromatin
of the proximal Kit promoter and the GFP reporter gene. A schematic
representation of the endogenous Kit promoter and the transgene
constructs is shown at the top. The positions of the different PCR
amplification units A1 (�449 to �289), A2 (�247 to �63 of GFP), and
A3 (GFP) are indicated by horizontal bars. Formaldehyde-cross-linked
chromatin obtained from WT (�/�) BMMC, W sh/W sh BMMC, 32D
cells, lin� Kit� BM cells, and BMMC derived from BAC200-Kit-GFP
(T20)/W sh/W sh, BAC30-Kit-GFP (T51)/W sh/W sh, and BAC200-�5�HS-
Kit-GFP (T78) mice was immunoprecipitated with antibodies against
acetylated forms of histones H3 and H4, and the amount of the im-
munoprecipitated and input DNA was assayed by semiquantitative
PCR. The ratios of signals of bound versus input chromatin were
determined with a phosphorimager and are represented in the histo-
gram. The error bars represent the standard deviations from three
independent ChIP experiments.
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hematopoietic BM progenitors and BMMC, they were hypoth-
esized to affect distant upstream control sequences of the Kit
gene. To identify these remote cis-acting elements, we have
generated BAC-Kit-GFP transgenic reporter mice carrying 200
kb of Kit upstream and 60-kb Kit coding sequences. Analysis of
Kit-GFP reporter expression in these mice revealed expression
in the brain, testis, oocytes, skin, peritoneal and bone marrow
mast cells, and melanocytes at levels and in a pattern compa-
rable to those of the endogenous Kit gene. These results sug-
gested that, in these tissues, the BAC200-Kit-GFP clone could
establish its own stable chromatin environment irrespective of
the transgene insertion site and was able to direct tissue-spe-
cific Kit-GFP expression.

In the bone marrow, the Kit gene is expressed in hemato-
poietic stem cells and hematopoietic lineage progenitors, but
in more differentiated hematopoietic and lymphoid cell types,
Kit expression is abolished, except in mast cells and eosino-
phils. However, in the BAC200-Kit-GFP transgenic mice de-
scribed here, no full Kit-GFP reporter expression was evident
in the lineage-negative fetal liver and BM progenitor compart-
ment. In a recent study, Cairns et al. (12) utilized transgenic
mice carrying a Kit-GFP reporter construct consisting of 6.7 kb
5� upstream and 4.5-kb Kit downstream sequences to investi-
gate regulatory mechanisms of Kit gene expression in vivo. In
these mice, hematopoietic progenitors in the fetal liver and in
the BM were found to express the GFP reporter, suggesting

that this fragment is sufficient to drive expression in early
hematopoietic cells. Lineage commitment in hematopoiesis is
regulated mainly at the transcriptional level involving positive
and negative regulatory mechanisms (24, 38, 44, 46). It is pos-
sible that the BAC200-Kit-GFP transgene includes upstream
and/or downstream negative regulatory elements that abrogate
Kit gene expression in the hematopoietic progenitors. Further-
more, sequences not present in the BAC200-Kit-GFP trans-
gene may be required for faithful Kit gene expression in he-
matopoietic BM progenitors. Significantly, the sorted Kit�

GFP� BM cells gave rise to GFP� BMMC, indicating that this
population contains the mast cell progenitors. Thus, positive
and negative regulatory sequences are critical in the regulation
of Kit gene expression, likely involving different transcription
factors and silencing mechanisms.

Deletion analysis of the upstream sequences in the BAC200-
Kit-GFP transgene indicated that 3 kb of 5� upstream se-
quences was insufficient to establish consistent GFP reporter
expression in the transgenic mice. In contrast, inclusion of
30-kb upstream sequences gave reproducible and copy num-
ber-dependent expression of the GFP reporter in brain, testis,
and oocytes, although there was no expression of the reporter
in BMMC. Therefore, the lack of GFP expression in mast cells
in these mice appears to recapitulate the Kit-negative mast cell
phenotype in the Wsh and W57 mutant mice. It has been argued
previously that the Wsh and W57 mutations result from position
effects, but our observations here imply that the phenotypes of
these mutations result from deletion of cis-acting control ele-
ments contained within the upstream BAC200-Kit-GFP se-
quences and not from position effects (3).

DNase I-hypersensitive regions in chromatin are often asso-
ciated with gene regulatory sequences, such as enhancers, pro-
moters, and locus control regions (16, 17). On the basis of our
previous identification of a DNase I-hypersensitive site cluster
in mast cells and melanocytes 147 to 154 kb upstream of the Kit
transcription start site, we investigated the roles of these se-
quences in mediating Kit gene expression in vivo by generating
BAC transgenic mice lacking these sequences. The lack of
GFP reporter expression in BMMC implies that the 5� HS
cluster region includes cis regulatory sequences critical for Kit
expression in mast cells. Furthermore, the copy number-de-
pendent and position-independent expression of the GFP re-
porter gene in the BAC200-Kit-GFP transgenic mice suggests
that these sequences constitute a locus control region, essential
for Kit expression in mast cells.

A critical step in transcriptional activation of a gene is the
remodeling of the chromatin from a condensed structure into
an open structure. For a long time, DNase I hypersensitivity
had been used to identify open chromatin structures. More
recent work has identified modifications of the core histones
H3 and H4 as indicators of chromatin remodeling. These mod-
ifications include histone H3 and H4 hyperacetylation and H3
K4 methylation. Our analysis of histone H3 and H4 hyper-
acetylation patterns in the 5� HS cluster region and the prox-
imal promoter of transcriptionally active WT BMMC showed a
broad hyperacetylation pattern in the 5� HS cluster region and
strong hyperacetylation in the proximal promoter, whereas no
hyperacetylation in the 5� HS cluster region and in the proxi-
mal promoter of the inactive myeloid 32D cells was observed.
Importantly, in Kit� lin� BM cells, the proximal promoter was

FIG. 7. Recruitment of RNA polymerase II to the chromatin of the 5�
HS cluster and in the Kit promoter region. A schematic representation of
the Kit locus and the transgene constructs is shown at the top. The
positions of the different PCR amplification units A2 (�247 to �63 of
GFP), A4 (�247 to �37), and A5 (�247 to �3) and P1, P3, P4, P6, P7,
P8, and P9 used for quantitation are indicated by horizontal bars. Form-
aldehyde-cross-linked chromatin obtained from WT (�/�) BMMC, Wsh/
Wsh BMMC, 32D cells, and BMMC derived from BAC200-Kit-GFP
(T20)/Wsh/Wsh, BAC30-Kit-GFP (T51)/Wsh/Wsh, and BAC200-�5�HS-Kit-
GFP (T78) mice was immunoprecipitated with antibodies against RNA
polymerase II, and the amount of immunoprecipitated and input DNA
was assayed by semiquantitative PCR. The ratios of signals of bound
versus input chromatin were determined with a phosphorimager and are
represented in the histogram. The error bars represent the standard de-
viations from three independent ChIP experiments.
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hyperacetylated in agreement with Kit promoter activity in
these cells, but the 5� HS cluster region was not hyperacety-
lated. In this regard, it is of interest to note that the 5� HS
cluster in BMMC from Wsh/sh mutant mice, in which more than
2 cM (far distal) of the Kit transcription start site was removed
as a result of the chromosomal inversion, is hyperacetylated,
even though Kit expression in these cells is abolished. There-
fore, chromatin acetylation of the 5� HS cluster region may be
independent of its position relative to the Kit transcription start
site and represent an epigenetic modification preventing chro-
matin from adopting a closed conformation. However, these
results may also imply that chromatin remodeling in the 5� HS
cluster in mast cells precedes transcriptional activation of the
Kit gene.

Analysis of acetylation of histones H3 and H4 in BMMC
isolated from Wsh/sh and BAC200-Kit-GFP transgenic mice in-
dicated strong hyperacetylation in the Kit promoter of the
reporter constructs, which is in agreement with the strong
hyperacetylation pattern of the Kit promoter observed in the
WT BMMC. In contrast, no hyperacetylation was observed in
Wsh/sh, BAC200-Kit-GFP, and BAC200-�5�HS-Kit-GFP BMMC
that lack GFP reporter gene expression. These results clearly
indicate that the 5� HS sequences are critical for driving mast cell
Kit expression and mediating the chromatin remodeling in the Kit
promoter region.

The impact of LCR deletions on promoter acetylation has
been investigated in different systems. Deletion of the murine
�-globin gene LCR does not affect hyperacetylation of the
globin promoter, implying that acetylation of the �-globin gene
promoter is independent of LCR function (42, 43). In contrast,
at the human growth locus, hGH, deletion of HS1 in the LCR
resulted in a loss of acetylation of the hGH-N promoter (23).
Thus, similar to the hGH gene, hyperacetylation of the Kit
promoter may reflect transcription and indicate that promoter
activation follows LCR hyperacetylation. Furthermore, our re-
sults suggest that interaction between the 5� HS sequences and
the Kit promoter are necessary for acetylation in the promoter
region, facilitating the recruitment of the basal transcriptional
machinery and the binding of transcriptional activators.

LCRs may recruit transcription factors and components of
the transcription preinitiation complex, including RNA poly-
merase II, that are subsequently transferred to the promoter
region (25, 32, 47). Our finding that Pol II is bound to HS3 in
the 5� HS cluster and the promoter region in WT mast cells
and BMMC isolated from W sh/sh and BAC200-Kit-GFP trans-
genic mice, but not in the promoter of the GFP-negative
BMMC isolated from Wsh/sh, BAC30-Kit-GFP, and BAC200-
�5�HS-Kit-GFP mice, is consistent with such a mechanism. In
the �-globin locus, deletion of the LCR results in a loss of
expression, but hyperacetylation and assembly of the transcrip-
tion preinitiation complex at the promoter are not affected
(42). In contrast, in the Kit gene, the 5� HS cluster sequences
are essential for both hyperacetylation of the Kit promoter and
Pol II recruitment.

Chromatin remodeling is likely a prerequisite for recruit-
ment of Pol II; therefore, we compared the patterns of H3 and
H4 acetylation with the pattern of Pol II recruitment in the 5�
HS cluster region (Fig. 7B). Interestingly, the sites of Pol II
association did not necessarily correlate with sites enriched for
H3 and H4 acetylation, and this is in agreement with findings

in the �-globin locus (26). Pol II binding was detected exclu-
sively in the HS3 region, whereas histone acetylation was more
broadly distributed throughout the 5� HS cluster region (Fig. 5
and 7). On the basis of these findings, it had been proposed
that Pol II recruitment at hypersensitive sites in the LCR is
mediated by trans-acting factors, rather than by interaction
with acetylated lysine residues of H3 and H4.

In summary, our studies of the mechanism of Kit receptor
expression have identified a mast cell-specific LCR located 147
to 154 kb upstream of the Kit transcription start site. The
demonstration of mast cell-specific chromatin remodeling and
histone hyperacetylation in the LCR implies a transcriptionally
competent chromatin state. Consequently, these modifications
could make the LCR accessible to the transcription factors and
components of the transcription preinitiation complex, includ-
ing RNA polymerase II. Furthermore, activation of the Kit
promoter might be a consequence of direct or indirect inter-
action between the LCR and the promoter region. Many dif-
ferent models have been described to explain distant effects,
including looping, linking, and tracking. In any case, enhancer-
promoter communication appears to be required for the as-
sembly of promoter initiation complexes, which then initiate
Kit transcription in mast cells. The identification and charac-
terization of factors that mediate cell type-specific transcrip-
tional activation of the Kit gene are of great interest and will be
a challenge of the future.
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