
MOLECULAR AND CELLULAR BIOLOGY, Sept. 2006, p. 6357–6371 Vol. 26, No. 17
0270-7306/06/$08.00�0 doi:10.1128/MCB.00311-06
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Histone H3 Acetylation and H3 K4 Methylation Define Distinct
Chromatin Regions Permissive for Transgene Expression

Chunhong Yan* and Douglas D. Boyd
Department of Cancer Biology, The University of Texas M. D. Anderson Cancer Center,

1515 Holcombe Blvd., Houston, Texas 77030

Received 20 February 2006/Returned for modification 19 April 2006/Accepted 26 June 2006

Histone modifications are associated with distinct transcription states and serve as heritable epigenetic
markers for chromatin structure and function. While H3 K9 methylation defines condensed heterochromatin
that is able to silence a nearby gene, how gene silencing within euchromatin regions is achieved remains
elusive. We report here that histone H3 K4 methylation or K9/K14 acetylation defines distinct chromatin
regions permissive or nonpermissive for transgene expression. A permissive chromatin region is enriched in
H3 K4 methylation and H3 acetylation, while a nonpermissive region is poor in or depleted of these two histone
modifications. The histone modification states of the permissive chromatin can spread to transgenic promot-
ers. However, de novo histone H3 acetylation and H3 K4 methylation at a transgenic promoter in a nonper-
missive chromatin region are stochastic, leading to variegated transgene expression. Moreover, nonpermissive
chromatin progressively silences a transgene, an event that is accompanied by the reduction of H3 K4
methylation and H3 acetylation levels at the transgenic promoter. These repressive effects of nonpermissive
chromatin cannot be completely countered by strong transcription activators, indicating the dominance of the
chromatin effects. We therefore propose a model in which histone H3 acetylation and H3 K4 methylation
localized to discrete sites in the mammalian genome mark distinct chromatin functions that dictate transgene
expression or silencing.

In eukaryotic cells, chromatin either facilitates or hinders
access of the DNA to transcription activators, thereby regulat-
ing gene expression. The basic unit of chromatin consists of an
octamer of four core histones (H2A, H2B, H3, and H4)
wrapped around 146 bp of DNA. While multiple lysine or
arginine residues in the core histones, particularly H3 and H4,
are subject to posttranslational modifications including meth-
ylation and acetylation, many of these modifications are asso-
ciated with distinct transcription states (6, 45). For example,
H3 hyperacetylation (H3ac) or methylation at lysine 4
(H3K4me) is often associated with active genes (40), whereas
methylation of the same protein at lysine 9 (H3K9me) is gen-
erally found to exist in chromatin containing silent genes (25).
Histone modifications may serve as docking sites for effectors
that regulate chromatin structure or function and ultimately
transcription (26). Indeed, H3 K4 methylation recruits chro-
matin-remodeling enzymes that lead to a relaxed or “open”
chromatin structure permissive for transcription (41). Con-
versely, recruitment of heterochromatin protein 1 (HP1) by H3
K9 methylation results in the assembly of compact or “closed”
chromatin around the DNA, leading to silenced gene expres-
sion (4, 22).

Interestingly, in addition to local control of transcription,
histone modifications also serve as markers for distinct chro-
matin regions throughout the genome (13). In a genomic locus
of fission yeast, H3 K9 methylation concentrates in a 20-kb
silent heterochromatic region while H3 K4 methylation is lo-
calized to the surrounding euchromatin regions (31). Similarly,

H3 K9 methylation in the mammalian genomes defines distinct
heterochromatin or silent euchromatin regions where RNA
polymerase II is excluded (33, 37). This distinct distribution of
histone modifications thus defines discrete chromatin regions
with a distinct structure. As a result, a gene localized to such
distinct chromatin regions, either by gene arrangement or gene
transfer, may be loaded into a distinct chromatin state, result-
ing in an unexpected transcription outcome varying from stable
expression to silencing, a phenomenon referred to as position
effect. Indeed, a gene translocated close to a heterochromatin
region exhibits a mosaic pattern of expression (also referred to
as position effect variegation, or PEV), due to spreading of the
condensed chromatin state from the heterochromatin region
to the gene location in a stochastic fashion (48). Variegated
gene expression is also evident in model systems where HP1 is
recruited to euchromatin via its fusion to a DNA-binding pro-
tein leading to enrichment of H3 K9 methylation and chroma-
tin condensation (3, 43, 47).

In contrast to heterochromatin, euchromatin, characterized
by prevalent gene expression, is depleted of H3 K9 methylation
and other histone modifications associated with gene silencing
(30, 33, 37). Nevertheless, translocated genes or transgenes are
still frequently silenced in these regions. Such silencing is un-
likely to be caused by PEV-like heterochromatinization, or
large-scale tandem repetitive DNA that recruits proteins such
as HP1 (42), since such DNA is rare in mammalian genome.
These considerations prompted us to ask whether histone
modifications other than H3 K9 methylation define distinct
euchromatin regions where transgenes are differentially ex-
pressed. To address this, we have integrated various transgenes
into separate but defined genomic locations utilizing FRT-
mediated homologous recombination (50) and determined
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transgene expression and histone modification states in these
locations. Here we report that, rather than H3 K9 methylation,
high H3 acetylation (H3ac) and H3 K4 methylation (H3K4me)
levels define distinct euchromatin regions allowing for stable
expression of an integrated transgene. In contrast, integration
into a region that is poor in or lacking H3ac and H3K4me
confers mosaic expression and progressive silencing of the
transgene. Further, when integrated into the nonpermissive
regions, histone H3 associated with the transgenic promoter is
subjected to de novo methylation and acetylation in a stochas-
tic manner, providing a mechanism for variegated transgene
expression. Our results also suggest that the reduction in the
level of these modified histones at the trangenic promoters
accounts for progressive silencing of transgenes in the nonper-
missive locations. Thus, histone H3K4me and H3ac levels
mark distinct chromatin regions that are permissive or non-
permissive for transgene expression.

MATERIALS AND METHODS

Cell culture and transfections. All cells were routinely cultured in McCoy’s 5A
medium supplemented with 10% fetal bovine serum and antibiotics. Stable
transfections were performed with poly-L-ornithine (Sigma, St. Louis, MO) as
described previously (49), while Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
was used for transient transfections according to the manufacturer’s recommen-
dations.

FRT-directed homologous recombination. We utilized a modified FLP recom-
bination target (FRT)-directed homologous recombination system (50) to inte-
grate various transgenes into defined genomic locations. First, human fibrosar-
coma HT1080 cells were transfected with a plasmid pFRT/lacZeo harboring an
FRT fragment. After being selected with 300 �g/ml Zeocin, the resistant clones
were harvested and expanded, and clones integrated with a single copy of the
FRT fragment were identified by Southern blotting analyses as described previ-
ously (50). These clones were designated the FRT lines, each representing a
genomic location for subsequent transgene integrations. Second, the luciferase-
encoding sequence in the pCM/Luc vector (50) was replaced with an enhanced
green fluorescent protein (EGFP) coding sequence, and various promoters were
subcloned into the upstream region of the reporter gene. We obtained plasmids
harboring 1.7-kb MMP2 (36), 0.9-kb p16 (36), 1.2-kb TIMP3 (52), and 2.2-kb
MMP9 promoters (all human origin) from E. N. Benveniste, E. Hara, J. Bennett,
and M. Seiki, respectively. The cytomegalovirus (CMV) promoter and its 5�
deletions were cloned by PCR from the vector pcDNA5/FRT (Invitrogen, Carls-
bad, CA). In addition, these promoters were subcloned into pGL3 for transient
transfections to determine their strengths. Next, 1 �g of each of the plasmids
harboring the EGFP gene driven by various promoters was cotransfected with 9
�g of pOG44, a plasmid encoding the Flp recombinase, into the FRT lines
followed by selection of the transfected cells with 200 �g/ml hygromycin B. The
obtained resistant clones were observed under a fluorescence microcope or
pooled for fluorescence-activated cell sorter (FACS) analyses.

Chromosomal walking. The FRT integration sites were identified with the DNA
Walking SpeedUp Premix kit (Seegene, Rockville, MD) according to the man-
ufacturer’s protocol. Briefly, genomic DNA was prepared from each of the FRT
lines as PCR templates, and three nested primers specific to the upstream
sequence of the FRT site in the pFRT/lacZeo plasmid were designed and used
in conjunction with the ACP primers provided by the kit to amply the genomic
DNA flanking the FRT integration site with PCR. The obtained DNAs were
directly sequenced and contained chimeric plasmid and genomic sequences. The
existence of the FRT upstream plasmid sequences indicated the walking speci-
ficity, while the genomic sequences were BLAST searched in the UCSC Human
Genome Browser (19; http://www.genome.ucsc.edu/, May 2004 assembly) to
identify the genomic locations.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
essentially as described previously (51) with modifications. Briefly, after cell lysis,
the cross-linked chromatin was sonicated and then incubated with antibodies
against modified histones or mixed-lineage leukemia protein (MLL) at 4°C
overnight. We purchased antibodies against methylated H3 at K4 (05-791),
acetylated H3 at K9/K14 (06-599), acetylated H4 at K4/K7/K11/K15 (06-598),
dimethylated H3 at K9 (07-441), and trimethylated H3 at K9 (07-442) from
Upstate (Charlottesville, VA) and antibodies against monomethylated (ab8895),

dimethylated (ab7766), and trimethylated (ab8580) H3 at K4 and MLL
(ab17959) from Abcam (Cambridge, MA). The immunocomplex was precipi-
tated with protein A-agarose (Upstate, Charlottesville, VA), and the beads were
washed as previously described, sequentially treated with 10 �g of RNase A
(37°C for 30 min) and 75 �g of proteinase K (45°C for 4 h), and incubated at 65°C
overnight to reverse cross-link of the chromatin. The DNA was recovered by
phenol-chloroform extractions and coprecipitation with glycogen, and dissolved
in 50 �l of Tris-EDTA (TE) buffer for real-time PCR assays.

Real-time PCR quantitation. The amounts of DNA associated with modified
histones were quantitated by real-time PCR as described previously (51). We
obtained the flanking sequences of the integration sites by searching the UCSC
Human Genome Browser and designed a series of primers to amplify 1, 2, 5, 8,
10, and 15 kb upstream and 2- and 9-kb regions downstream of each of the
integration sites. We also designed primers to specifically amplify the regions of
transgenic promoters but not the endogenous promoters to quantify the histone-
modifying states of the transgenic promoters. To compare the real-time PCR
data between ChIP assays, we normalized the modification levels against the
levels in the promoter region of a housekeeping gene coding for GAPDH.
Normalization in this way significantly reduced interassay variation arising from
extended manipulations of chromatin during the experimental processes (see
Fig. 7B and D).

RT-PCR. To determine the expression levels of PLAUR, KIAA0329, or
YTHD2, total RNA was prepared and reverse transcribed for reverse transcrip-
tion-PCR (RT-PCR) as described previously (51). Primers were designed to
amplify cDNA fragments spanning the last two exons of these genes. To deter-
mine PCR efficiencies (Ex) of each primer pair, cDNA was diluted 1:10, 1:100,
1:1000, and 1:10,000, and subjected to real-time PCR. The increase in the
threshold cycle number (CT) after dilution (�CT) was plotted against the log
change of cDNA amounts [log (dilution fold)], and the slope (k) of a linear
regression equation for the curve was obtained and used for calculating PCR
efficiency using the formula Ex � 10k � 1. To determine the relative expres-
sion levels of two genes, cDNA was subjected to real-time PCR with corre-
sponding primer pairs, and CT values were obtained. The expression level
(X2) of gene 2 relative to gene 1 (X1) was then calculated with the formula
X2/X1 � �1 � Ex1�

CT1/�1 � Ex2�
CT2, in which Ex1/CT1 and Ex2/CT2 represent PCR

efficiency/CT value for gene 1 and gene 2, respectively. The changes in gene
expression before and after transgene integration were determined similarly,
except that the gene expression level for each RNA sample was normalized
against the 	-actin expression level.

FACS analysis and cell sorting. FACS analysis and cell sorting were per-
formed using a Beckman Coulter instrument (EPICS XL-MCL). The percent-
ages of EGFP-expressing cells were determined under standardized conditions
using untransfected cells as the negative control. The levels of EGFP expression
were defined as the mean fluorescence of 10,000 cells in the green channel.

RESULTS

Integration of transgenes in defined genomic locations
through homologous recombination. A prerequisite for study-
ing the effects of the chromatin environment on transgene
expression is the integration of the transgene into defined
genomic locations. Towards this end, we have developed a
homologous recombination system directing the insertion of a
reporter expression cassette into given genomic locations (50).
In this system, homologous recombination allows a transfected
plasmid bearing an FRT fragment to “flip” into a genomic site
harboring an FRT fragment (Fig. 1A). Therefore, once the
FRT-integrated locus has been characterized, various trans-
genes can be introduced into the identical chromatin environ-
ment. This system allows us to study both the influence of the
flanking chromatin on transgene expression and the effects of
different promoters on position effects.

Thus, we developed several FRT clones derived from human
fibrosarcoma HT1080 cells and for each clone confirmed the
integration of a single copy of the FRT fragment by Southern
blotting (Fig. 1B).

We further identified the FRT-integrated sites in these
clones by chromosomal walking. We obtained and sequenced
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the DNAs flanking the integrated sites by sequential nested
PCR with genomic DNAs isolated from these four FRT cells as
templates and then BLAST searched the UCSC Human Ge-
nome Browser (19; http://www.genome.ucsc.edu/, May 2004
assembly) for the sequences. As shown in Table 1, the FRT
fragment is localized in different genomic locations in these
four cell clones. We refer to these genomic locations as F29,
F55, F39, and F59 and the corresponding cell clone names are
designated accordingly. Interestingly, none of these locations
are close to the pericentromeres characterized by condensed
heterochromatin. Rather, all of these locations are within
gene-rich regions. In fact, a search of the Human Genome
Browser indicated that with the exception of F55, all integra-
tion sites reside within or close to (distance of 
15 kb) a

known or predicted gene. Among them, the F29 site is located
within exon 1 (upstream of start codon) of the PLAUR gene
encoding the urokinase receptor, while the F39 site is within
exon 2 but �13 kb downstream of the transcription start site of
a predicted gene, KIAA0329 (Table 1). The expression levels of
these three genes in HT1080 cells varied as is evident by RT-
PCR (Fig. 1C). This difference was not caused by varied effi-
ciencies of the PCRs, since real-time PCR quantitation cor-
rected for PCR efficiency (Ex) for individual primer pairs (see
Materials and Methods) revealed that the expression levels of
KIAA0329 and YTHD2 were �3 and �57% of that of PLAUR,
respectively (Fig. 1D). Interestingly, while integration of the
FRT fragment did not alter the expression level of PLAUR or
YTHD2 (possibly due to a bypass of any exogenous barrier to

FIG. 1. Integration of a transgene in a defined genomic location by homologous recombination. (A) Schematic showing that recombination
between FRT fragments allows integration of an EGFP transgene driven by a promoter of interest at an FRT site within the genome. (B) HT1080
cells were transfected with an FRT-bearing vector. After selection in Zeocin-containing media, resistant clones were harvested and expanded.
Genomic DNA was prepared, digested with HindIII or EcoRV (E) (for the F59 clone, digested with EcoRV plus BglII in the right panel), and
subjected to Southern blotting with a probe spanning a plasmid region downstream of the FRT fragment. The four clones designated F29, F39,
F55, and F59 contain a single copy of the FRT fragment (*). (C) Total RNA was prepared from HT1080 cells, reverse transcribed, and subjected
to PCR to amplify fragments spanning the last two exons of the PLAUR, KIAA0329, and YTHD2 genes. A pair of 	-actin primers was also included
in the PCRs for loading control. (D) cDNA from HT1080 cells was subjected to real-time PCR. The relative expression levels were corrected for
altered PCR efficiency among primer pairs. (E) cDNAs from HT1080 cells or F29, F39, F55, an F59 clones were subjected to real-time PCR
quantitation for relative expression levels of PLAUR, KIAA0329, and YTHD2 and normalized to 	-actin expression levels.
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mRNA elongation), KIAA0329 expression was reduced by
�40% (Fig. 1E), the latter possibly reflecting interference with
mRNA elongation/splicing or a null allele.

Histone modifications define distinct chromatin regions for
transgene integration. Since posttranslationl modifications,
particularly acetylation and methylation, of core histones may
regulate chromatin structure and function, we quantified these
modifications in the chromatin flanking the integration sites
with ChIP assays followed by real-time PCR quantitation. We
thus incubated the cross-linked chromatin with antibodies
against methylated H3 at K4 (H3K4me), acetylated H3 at
K9/K14 (H3ac), acetylated H4 (H4ac), and dimethylated
(H3K9me2) or trimethylated H3 at K9 (H3K9me3), purified
the immunoprecipitated DNAs, and determined the amounts
of DNA associated with these modified histones with real-time
PCR. For the five histone modifications examined, the first
three represent markers of active gene expression (6) , while
H3K9me2 and H3K9me3 are associated with silenced euchro-
matin and condensed heterochromatin, respectively (33, 37).
Based on the UCSC Human Genome Browser, we designed a
series of primers to amplify the DNA flanking the integration
sites and spanning a region from 15 kb upstream (�15 kb) to
9 kb downstream (9 kb) (Fig. 2). Consistent with recent ge-
nome-wide analyses (7), both H3 K4 methylation and H3 acet-
ylation were distributed unevenly in the human genome (Fig.
2A and B). Interestingly, the chromatin upstream of the inte-
gration site, at the F29 and F55 locations, was enriched in H3
K4 methylation (Fig. 2A) and H3 acetylation (Fig. 2B) com-
pared with the F39 and the F59 locations. Of the four loca-
tions, H3 in the F39 location contained the smallest amount of
K4 methylation and H3 acetylation was almost completely de-
pleted from this location. In contrast, the H4 acetylation levels
differed little among these four locations (Fig. 2C). The distri-
bution of H3 K4 methylation correlated with that of H3 acet-
ylation, consistent with the view that the K4 methyltransferase
and acetylase are corecruited (44). We also examined the en-
richment of di- or trimethylated H3 at lysine 9 at these genomic
locations. The amounts of DNA precipitated by H3K9me3 and
H3K9me2 antibodies were equal to or were only slightly higher
than the DNA pulled down by normal immunoglobulin G
(IgG) (Fig. 2D and E), indicating that these regions contain
little of either of these two modified histones. More impor-
tantly, the levels of these K9-methylated histones differed little
among these four locations (Fig. 2D and 2E). As a control, we
determined the efficacy of these antibodies in immunoprecipi-
tating chromatin in the pericentromeric region (42,121,930 to

42,121,983) of chromosome 10. The H3K9me2 and H3K9me3
antibodies pulled down substantially larger amounts of this
DNA compared with normal IgG (Fig. 2F), suggesting that
these ChIP experiments were working properly.

Since the K4 residue of histone H3 can be subjected to
either di- or trimethylation (H3K4me2 and H3K4me3), which
is correlated with active transcription, we also determined the
distributions of these two modified H3 histones in the four
genomic locations. Similar to the total K4-methylated H3 de-
scribed above, H3K4me2 and H3K4me3 were enriched in the
regions upstream of the integration site within both the F29
and the F55 locations, while the corresponding regions within
the F39 and the F59 locations contained lower levels of this
modified H3 (Fig. 3A and B). Although the H3K4me3 levels
across the F55 flanking region were lower than that in the
corresponding region at F29, they were still higher than those
of the F39 and F59 locations (Fig. 3B). Indeed, the latter two
locations were almost completely depleted of H3K4me3 (Fig.
3B). Moreover, the F55 location contained high levels of
H3K4me2 (Fig. 3A). Interestingly, the distributions of H3K4me
and, in particular, H3K4me3 appeared to coincide with the
chromatin binding of MLL, a histone methyltransferase (HMT)
that catalyzes the addition of methyl groups to the K4 residue
of H3 (27) (Fig. 3C). This is consistent with an earlier ChIP-
on-chip analysis (14), suggesting that MLL might, at least in
part, contribute to the maintenance of histone methylation
states at the F29 and F55 locations between generations.
Therefore, we conclude that these four genomic regions are
characterized by their absence (or very low levels) of silent
chromatin markers (H3K9me2 or H3K9me3) but marked by
varying enrichments of H3 K4 methylation and acetylation
(H3K4me or H3ac) often associated with active chromatin.

Variable expression of a transgene integrated at distinct
chromatin regions. To determine the effects of the distinct
chromatin compositions on expression of an inserted gene, we
constructed an EGFP expression cassette driven by a 1.7-kb
MMP2 promoter and introduced it into these chromatin re-
gions by FRT-mediated homologous recombination (Fig. 1A).
To exclude the possible interference by the upstream transcrip-
tion of the hygromycin B resistance gene, we inserted a syn-
thesized polyadenylation signal (23) upstream of the promoter
(Fig. 1A), a strategy that eliminates transcription noise (50).
We selected the transfected cells with hygromycin B for 10
days and examined the resistant clones by fluorescence micros-
copy. EGFP expression varied greatly between these clones
(Fig. 4A). All clones derived from transfections with the F29

TABLE 1. Genomic locations of the integrated FRT sites

Site Cytogenetic band Genomic location (position)a % GCb
Nearby gene:

Designation Distance Orientationc Expressiond

F29 19q13.31 Chromosome 19 (48,866,117) 49.53 PLAUR Within exon 1 � High
F55 Xq23 Chromosome X (113,493,021) 33.39 None
F39 14q32.32 Chromosome 14 (101,912,842) 44.13 KIAA0329 Within exon 2 � Low
F59 1p35.3 Chromosome 1 (28,919,827) 44.78 YTHD2 3.6 kbe � Medium

a Based on the UCSC Human Genome Browser (May 2004 assembly).
b Average of percents GC in a 5-base window of a 20-kb region spanning the integration site.
c �, nearby gene has the same orientation as the transgene; �, nearby gene has the reverse orientation.
d Expression levels were determined by quantitative real-time RT-PCR (see Fig 1C and D).
e Distance to the 3- end of the YTHD2 gene.
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FIG. 2. Histone modification states of chromatin regions at the FRT integration sites. Cross-linked chromatin derived from the four FRT clones
was incubated with antibodies (1 �g each) against K4-methylated H3 (A), acetylated H3 (B), acetylated H4 (C), K9 dimethylated H3 (D), and K9
trimethylated H3 (E). The immunoprecipitated complexes were captured by protein A-agarose beads followed by sequential washes and
treatments with RNase A and proteinase K. After cross-link reversal, the DNA was purified with phenol/choloroform, precipitated, dissolved in
TE buffer, and subjected to real-time PCR assays. A series of primers amplifying various flanking regions were designed for each location based
on the sequences retrieved from the UCSC Human Genome Browser. The approximate locations of DNA amplified by the primers are indicated
(solid black box) below the genomic representation (line). The amounts of precipitated DNA (percent input) shown are corrected for interassay
variation using the amounts of precipitated GAPDH promoter DNA. To confirm the utility of antibodies against K9 di- or trimethylated H3 in
the ChIP assays, the DNA precipitated by these antibodies or normal IgG was also subjected to real-time PCR amplifying a fragment residing in
the pericentromeric region of chromosome 10 (F).
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and F55 cells strongly expressed EGFP (as clone 1 in Fig. 4A).
In contrast, most of the clones derived from the F39 cells did
not express EGFP (as clone 3 in Fig. 4A), while some of the
F39 or F59 clones weakly expressed EGFP (as clone 2 in Fig.
4A). To determine the EGFP expression in the population, we
randomly harvested and pooled 15 clones from each transfec-
tion, expanded the cells, and subjected them to FACS analyses.
Clearly, when integrated into the chromatin regions (F29 and
F55) marked by active histone modifications, EGFP was ex-
pressed in almost all of the cells (Fig. 4B). Conversely, mosaic
EGFP expression was apparent when the transgene was local-
ized in the chromatin regions (F39 and F59) that were poor in
or lacking H3K4me and H3ac (Fig. 4B). While EGFP within
the F59 region expressed in 59.7% of cells, it was silenced in
the majority of the cells (83.2%) when integrated into the
chromatin region (F39) that contained the lowest levels of
H3K4me/H3ac (Fig. 4B). Therefore, the levels of H3 K4 meth-
ylation and H3 acetylation in the flanking chromatin not only
were associated with transgene expression states, but also cor-
related with the extents of gene silencing. Furthermore, the
mean fluorescence intensities that reflect the EGFP expression

levels in each cell population also correlated well with the
levels of the active chromatin markers in each genomic loca-
tion (Fig. 4C). The difference in the EGFP expression in these
cells was unlikely caused by variations in the levels of tran-
scription factors, since the endogenous MMP2 levels, as deter-
mined by gelatin zymography (49), were constant among these
cells (Fig. 4D). We conclude that histone modifications likely
mark chromatin regions that are permissive or nonpermissive
for transgene expression. Thus, a transgene localized in a non-
permissive chromatin region that is poor in or depleted of
active histone modifications could be silenced.

Promoter strength counters the chromatin effect. Since the
homologous system we have developed (50) allows the intro-
duction of chimeric reporter constructs of choice into the same
genomic location, we determined whether different promoters
modulate the chromatin effect described above. We replaced
the MMP2 promoter with an MMP9, p16, TIMP3, or CMV
promoter and integrated the EGFP expression cassettes into
the four defined chromatin regions. The strengths of these pro-
moters range from weak to strong (MMP9 
 p16 
 MMP2 

TIMP3 
 CMV) (Fig. 5A). Interestingly, the promoter

FIG. 3. Histone K4 di- and trimethylation states of chromatin regions integrated at the FRT integration sites. The cross-linked chromatin from
the FRT clones was incubated with antibodies (1 �g each) against K4 dimethylated H3 (A), trimethylated H3 (B), or MLL (C) and subjected to
chromatin immunoprecipitation assays followed by real-time PCR as described for Fig. 2. The primers are indicated at the top of the graphs. The
amounts of precipitated DNA (percent input) have been normalized for interassay variation as described in the legend to Fig. 2.
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strength dramatically affected EGFP expression (Fig. 5B). The
activities of the MMP9 and p16 promoters were comparable to
that of MMP2, and EGFP under the control of these two
promoters was expressed or silenced following a similar pat-
tern to that of the MMP2 promoter (Fig. 5B). Thus, EGFP
expression driven by the MMP9 or p16 promoter occurred in
the permissive chromatin regions (F29 and F55) marked by
H3K4me and H3ac, while it was partly silenced when localized
in the nonpermissive regions (F39 and F59) (Fig. 5B). How-
ever, when EGFP was driven by strong promoters (CMV or
the TIMP3), gene silencing by the nonpermissive chromatin in
the F39 and F59 locations was countered (Fig. 5B). While
weaker than the CMV promoter, the TIMP3 promoter did not
completely rescue the EGFP expression in the F39 location
since there were still about 10% of cells that were silenced
(Fig. 5B). This suggests that the strength of this promoter was
insufficient to counter the strongest silencing effect of the chro-
matin in the F39 location. These results suggest that the ex-
pression state/level is determined by a balance between the
negative and positive regulators (8) residing in both the flank-

ing chromatin and the gene itself. To corroborate this asser-
tion, we sequentially deleted the cis-elements in the CMV
promoter and determined EGFP expression under the control
of these deleted promoters. With the reduction of promoter
strength (Fig. 5C), EGFP expression within the nonpermissive
locations (F39 and F59) showed silencing (Fig. 5D) such that
the silencing-countering effect was completely lost with the
truncated CMV �2 promoter. Therefore, silencing of a trans-
gene by the nonpermissive chromatin can be countered by
transcription activators.

Mosaic cell populations are distinct in their H3K4me/H3ac
levels. Since histone modifications at the gene itself regulate
transcription, we speculated that the aforementioned histone
code defining the flanking region could direct histone modifi-
cations at the transgenic promoter. Therefore, we determined
the H3K4me and H3ac levels at the integrated MMP2 pro-
moter by ChIP and real-time PCR assays (primer location
depicted in Fig. 6A). As expected, H3K4me or H3ac was en-
riched in the chromatin associated with the promoter within
the permissive chromatin regions (F29 and F55), while the

FIG. 4. Chromatin effects on expression of an EGFP reporter driven by the MMP2 promoter. (A) An EGFP expression cassette driven by the
MMP2 promoter was introduced into the four FRT clones by homologous recombination. Resistant clones were observed under a fluorescence
microscope (right panel) 12 days after transfection. Left, bright-field view. (B) Fifteen clones from each transfection were randomly picked and
pooled, expanded, and subjected to FACS analyses for EGFP expression. The numbers inside each graph indicate the percentage of positive cells.
The line inside each graph defines the EGFP-positive signal. Ctrl, control. (C) Mean fluorescence intensity for each integration site. (D) Con-
ditioned medium from the pooled clones was harvested and subjected to gelatin zymography to determine the levels of endogenous MMP2 protein.
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promoter that was integrated at the nonpermissive location
(F39) showed lower levels of the modified histones (Fig. 6B).
These results suggest that the permissive chromatin enriched
in H3K4me or H3ac directs the modifications of histones at the
transgene, while the nonpermissive chromatin depleted of
H3K4me or H3ac provides for inefficient histone modifications
at the promoter. However, we also observed that the H3K4me
level at the promoters within the restrictive F59 location was
only slightly lower than those (F29 and F55) within the per-

missive locations (Fig. 6B). Moreover, for the MMP2 pro-
moter, the difference in histone modification levels between
the different integration sites was far smaller than that between
the corresponding flanking regions (compare Fig. 6B with Fig.
2A and B). These results suggest that the histone modification
states of the local chromatin regions could not be faithfully
propagated to the transgene. Similar results were obtained
with the TIMP3 promoter (Fig. 6C), indicating that transcrip-
tion cis-elements do not affect the de novo histone modifica-

FIG. 5. Promoter strength counters the repressive effect of chromatin. (A) The indicated promoters were subcloned into pGL3 vectors, and 0.4
�g of each plasmid was cotransfected with 0.001 �g of pRL-TK into HT1080 cells in a 24-well plate. After 24 h, the cells were harvested and cell
lysates were subjected to luciferase assays. The numbers inside the graph indicate the mean relative luciferase activities. (B) The indicated
promoters were subcloned into the EGFP reporter, and the plasmids were introduced into the four FRT clones by homologous recombination.
Fifteen clones of each transfection were pooled, expanded, and subjected to FACS analyses. The number inside each graph indicates the
percentage of GFP-positive cells. (C) Deletions of the CMV promoter were subcloned into pGL3. Each of the plasmids (0.4 �g) was cotransfected
with 0.001 �g of pRL-TK into HT1080 cells and subjected to luciferase assays. (D) The indicated truncated promoters were subcloned into the
EGFP reporter plasmid. The plasmids were introduced into the F55, F39, and F59 clones by homologous recombination. Fifteen clones from each
transfection were pooled, expanded, and subjected to FACS analyses. The number inside each graph indicates the percentage of GFP-positive cells.
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tions associated with the promoters. (Unfortunately, we could
not compare modified histone levels at the strongest [CMV]
promoter, since this promoter showed an unacceptably high
background in the ChIP assays.)

Interestingly, insertion of the transgene had no significant
effect on histone modifications in its local chromatin environ-
ment (Fig. 6D and E). This observation is consistent with the
view that histone modifications are invariable between gener-
ations and heritable (20, 39).

A question surfaced as to why the EGFP gene integrated
into the nonpermissive regions was silenced in a portion of
cells given that the promoter itself was marked by active his-
tones. One possibility is that the mosaic cell populations are
subject to various levels of histone modifications at the trans-
genic promoter in a stochastic manner. To explore this possi-
bility, we isolated an EGFP-positive population and an EGFP-
silenced population by FACS from cells that harbor an
integrated MMP2 promoter in the F39 genomic location and
determined the H3K4me and H3ac levels by ChIP and real-

time PCR assays. Due to rapid silencing of the transgene
during the 4-day culturing expansion, we could only obtain a
population with about 35% of EGFP-positive cells after two
rounds of cell sorting (Fig. 7A). However, even compared with
this unpurified cell population [F39(�)MMP2], both the pro-
moter H3K4me and H3ac levels in the silenced cells
[F39(�)MMP2] were much lower (Fig. 7B). As a control, we
also determined the modified histone levels in the flanking
sequence 1 kb upstream of the integration sites (Fig. 6A). No
apparent difference was observed between these two subpopu-
lations (Fig. 7B), suggesting that difference in the promoter
histone modification levels was not due to random cell-cell
variation. We repeated the experiments with the cells contain-
ing a transgene integrated at the F59 genomic location. Again,
the levels of the active chromatin markers in the EGFP-posi-
tive cell population [F59(�)MMP2] were higher than that in
the EGFP-negative cells [F59(�)MMP2] (Fig. 7D). However,
the difference between the positive and negative cells was not
as large as that in the F39 cells, probably due to impurity of the

FIG. 6. Flanking chromatin affects histone modifications at transgenic promoters. (A) A primer pair (MMP) was designed to amplify a DNA
fragment spanning the MMP2 promoter-EGFP coding sequence junction. The flanking primer pair corresponds to the primers amplifying the
�1-kb region in Fig. 2. (B) The chromatin derived from cells containing the MMP2-EGFP cassette was incubated with antibodies (1 �g) against
H3K4me or H3ac and subjected to ChIP assays followed by real-time PCR. The MMP primer described in panel A was used to amplify the
integrated but not the endogenous MMP2 promoter. The amounts of immunoprecipitated DNA were normalized to the amounts of the GAPDH
promoter and are presented as relative enrichments. (C) The chromatin derived from cells containing the TIMP3-EGFP cassette was subjected
to ChIP assays as described in panel B. The primer pair used amplifies a region spanning the TIMP3 promoter-EGFP coding region junction. (D
and E) The chromatin derived from the FRT cells and the MMP2-EGFP cells was incubated with antibodies against H3K4me (D) or anti-H3ac
(E) and subjected to ChIP assays as described for Fig. 2.
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EGFP-negative cells (Fig. 7C) caused by reactivation of the
transgene (11). These results suggest that integration of a
transgene in nonpermissive chromatin regions poor in or de-
pleted of active chromatin markers could generate cell sub-
populations varying in the H3K4me or H3ac levels at the
transgenic promoter. The subpopulation with higher H3K4me
or H3ac levels expressed EGFP, while the one with lower
modified histone levels was silenced. Therefore, varying levels
of H3K4me or H3ac at the promoter are likely to contribute to
mosaic or variegated expression of a transgene in the nonper-
missive genomic locations.

Progressive silencing of the transgene is accompanied by
reduced levels of the H3K4me and H3ac levels at the pro-
moter. Despite residing within regions poor in or depleted of
H3 K4 methylation and H3 acetylation, the transgenic promot-
ers initially contained relatively high levels of H3K4me and
H3ac. One possible outcome from this imbalance could be the
reduction of these modifications at the promoter resulting in
progressive silencing of the transgene. To explore this possi-
bility, we cultured the transgenic cells in the absence of hygro-
mycin B in the culture medium for about 10 weeks and mea-
sured histone modifications and EGFP expression. Interestingly,
FACS analyses indicated that the EGFP expression driven by
either the MMP2 or the p16 promoter was progressively si-
lenced in the nonpermissive locations (F39 and F59) but not in
the permissive locations (F29 and F55) (Fig. 8A). Moreover,

the silencing rate was higher at the F39 location than at the F59
locations (Fig. 8A). This is consistent with the observation in
the cell-sorting experiments that the F39(�)MMP2 cells were
silenced faster than the F59(�)MMP2 cells (Fig. 7A and C).
Similar results were obtained when hygromycin B was present
in the culture medium (data not shown), consistent with a
previous report that expression cassettes in tandem respond to
chromatin effects independently (10). We also determined the
H3K4me and H3ac levels associated with the MMP2 promoter
in cells that had already been cultured for 67 days and com-
pared these levels to those at day 0. As expected, the H3K4me
and H3ac levels at the promoter were higher in the F29 and
F55 cells than those in the F39 and F59 cells at day 67 (Fig.
8B). In contrast to the levels at day 0, these levels correlated
well with the expression states/levels of the EGFP gene (Fig.
8A). When compared to the cells at day 0, the H3K4me levels
remained higher in the F29 and the F55 cells, but dropped
rapidly in the F39 and F59 cells (Fig. 8C). Although the H3ac
levels dropped in all of these four clones, they attenuated
faster in the F39 and F59 cells than in the F29 and F55 cells.
The final histone modification levels at the MMP2 promoter
were comparable to those of the flanking chromatin regions,
suggesting that a balance between the transgene and its local
environment had been finally achieved, accompanied by pro-
gressive silencing of the transgene. On the other hand, the
permissive chromatin could prevent the transgene from pro-

FIG. 7. Mosaic cell populations are distinct in their histone modification levels. (A and B) The cells containing the MMP2-EGFP cassette
integrated at the F39 location were sorted twice to isolate subpopulations expressing [F39(�)MMP2] or not expressing [F39(�)MMP2] EGFP.
After expansion for 4 days, a portion of cells was subjected to FACS analyses (A) while the remaining cells were subjected to ChIP assays as in
Fig. 6B. The flanking primer pair corresponds to the primers amplifying the �1-kb region in Fig. 2. (C and D) The F59 cells were sorted and
analyzed as for panels A and B.
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gressive silencing by preventing attenuation of the H3K4me
levels at the transgenic promoter.

Since transcription activators could counter the effects of the
nonpermissive chromatin on EGFP expression (Fig. 5), we
determined the effects of strong promoters on progressive si-
lencing. When driven by the TIMP3 promoter, the percentages
of the EGFP-expressing cells remained constant in the F29,
F55, and F59 locations but not the F39 location during the
10-week culture periods (Fig. 9A). On the other hand, the
percentages of the EGFP-positive cells remained unchanged in
all of these locations when the transgene was directed by the
CMV promoter (Fig. 9A), suggesting that strong transcrip-

tional activators prevent transgene silencing by a repressive
chromatin environment. However, strong promoters failed to
completely counter the adverse effects of the nonpermissive
chromatin on the transgene expression, since the EGFP ex-
pression levels (as indicated by the mean fluorescence inten-
sity) in the two nonpermissive locations were still progressively
reduced (Fig. 9B). Furthermore, this reduction was accompa-
nied by the reduction of H3 K4 methylation and H3 acetylation
at the TIMP3 promoter (Fig. 9C and D). Therefore, strong
transcription activators could not counter the reduction of H3
K4 methylation or H3 acetylation caused by the nonpermissive
chromatin. The chromatin effect thus appears dominant over
transcription activators in regulating transgene expression.

DISCUSSION

Frequent silencing of transgenes constitutes a major barrier
for gene therapy and transgenic studies. While it is widely
accepted that the local chromatin environment dictates the
transcription outcome of a transgene, the determinants resid-
ing in the chromatin, particularly euchromatin, remain elusive.
We have demonstrated herein that H3 K4 methylation and
K9/K14 acetylation levels demark distinct euchromatin regions
as permissive or nonpermissive for transgene expression. More-
over, these local histone modifications direct parallel histone
changes at the transgenic promoter, thereby controlling trans-
gene expression at a given chromosomal location. Thus, we
advance a model for transgene position effect in which trans-
gene silencing reflects the depletion of H3K4me/H3ac at a
specified chromatin region.

These findings could very well have ramifications beyond the
control of transgene expression. Recent genome-wide analyses
of histone modifications have revealed that H3K4me and H3ac
distribute in punctate sites in the genomes and are likely to
mark active chromatin regions (7, 24, 35, 38). While many of
these sites coincide with transcription starts (7, 24, 35, 38),
some localize to intra- or intergenic regions spanning several
kilobases of DNA. We have shown that such a region allows
transgenes to be expressed, highlighting a possibility that these
regions might be “open” for transcriptional machinery and
contribute to abundant intergenic transcription (16, 17) in eu-
karyotic cells.

A distinct feature of the nonpermissive chromatin regions
we have defined here is that although these regions are poor in
or depleted of active chromatin markers like H3K4me or H3ac,
they also lack heterochromatin makers such as H3K9me2 and
H3K9me3. This suggests that the mechanism underlying trans-
gene position effects evident in these euchromatin regions is
distinct from PEV. In PEV, heterochromatin-assembling fac-
tors including HP1 are recruited and promote condensation of
the chromatin (3). On the other hand, our findings argue that
the euchromatin associated with the nonpermissive integration
sites is “closed” simply due to a lack of H3K4me/H3ac which
relaxes chromatin.

However, transgenes within these nonpermissive regions
were not silenced in the entire cell population. Instead, both
EGFP-expressing and silent clones were generated when a
transgene was integrated into a defined nonpermissive location
(Fig. 4A), suggesting that transgene expression states are sto-
chastically determined at the time of transgene integration.

FIG. 8. Progressive transgene silencing is accompanied by the re-
duction of modified histone levels. (A) The transgenic cells containing
the MMP2 promoter and the p16 promoter were cultured for 67 days.
The cells were periodically subjected to FACS analyses to determine
EGFP expression. (B) Cells harboring the MMP2-EGFP cassette at
the indicated genomic locus were cultured for 67 days. The chromatin
derived from these cells was incubated with anti-H3K4me or anti-H3ac
antibodies and subjected to ChIP assays followed by real-time PCR
analyses. The amounts of precipitated DNA were normalized to the
amounts of the GADPH promoter and are presented as relative en-
richments. (C) Temporal changes in the H3K4me/H3ac levels between
day 0 and day 67.
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Intriguingly, the cell subpopulation that expresses EGFP con-
tained higher levels of H3K4me/H3ac at the transgene pro-
moter than the silenced cells, underlining the importance of
H3K4me/H3ac in maintaining the “open” chromatin structure
for gene expression.

While the mechanism for histone modifications on the de
novo-synthesized nucleosomes associated with a transgene is
unknown, it may be similar to the mechanism for maintaining
chromatin states during cell division. In one of these models,
unmodified histones deposited randomly at the newly replicat-
ing DNA are targeted by histone methyltransferases/acetylases
recruited via effectors (including HP1) binding to the parental
modified histone residues (39). A similar model would predict
spreading of methylated/acetylated histone states from the
chromatin regions to the transgenic promoter. Thus, a pro-
moter within the permissive regions enriched for H3K4me or
H3ac would acquire the information for modifications on the
newly synthesized nucleosomes. In line with this model, we
found that MLL, a well-characterized histone methyltrans-
ferase (14, 27), was enriched in the permissive but not the
nonpermissive regions (Fig. 3C).

However, this model cannot explain the enrichment of
H3K4me/H3ac at the transgenic promoter under nonpermis-
sive conditions. Instead, the histones at the promoter under
these conditions appeared to be modified stochastically. Sto-
chasticity results in all-or-none (binary) states when an effector
is limiting (18, 21). Since nonpermissive chromatin regions

contained little H3K4me or H3ac, the local histone-modifying
enzymes such as MLL (Fig. 3C) recruited by these chromatin
markers could be limiting. Thus, these enzymes would stochas-
tically load on the newly-synthesized nucleosomes, resulting in
nucleosomes varying in their methylation and acetylation levels
(Fig. 10). Alternatively, H3K4me or H3ac may direct active
chromatin to a nuclear compartment that contains high levels
of methyltransferases and acetylases, a notion consistent with
the observations of discrete nuclear distributions of modified
histones or histone-modifying enzymes (5, 9, 15, 37). As a
result, transgenic DNA within a permissive chromatin domain
enters a compartment rich in histone-modifying enzymes, the
latter efficiently loading on the newly synthesized nucleosomes
to modify the histone tails. In contrast, transgenes within the
H3K4me/H3ac-poor region are directed to a nuclear compart-
ment depleted of modifying enzymes, resulting in stochastic
histone modifications in the de novo-synthesized nucleosomes
(Fig. 10).

This model would also explain the reduction of histone
methylation/acetylation during progressive silencing of the
transgene within nonpermissive chromatin regions. Despite
initial high H3K4me/H3ac levels at its promoter, the transgene
localizes to a nuclear compartment deficient in histone-modi-
fying enzymes, with the low enzyme levels insufficient to main-
tain histone modifications after cell division. This may culmi-
nate in dilution of H3K4me/H3ac and ultimately equalization
of the modified levels between the transgenic promoters and

FIG. 9. Strong promoters do not prevent reduction of the modified histone levels. (A) The transgenic cells bearing the TIMP3 promoter- and
the CMV promoter-EGFP cassettes were cultured for 67 days. The cells were periodically subjected to FACS analyses to determine the EGFP
expression. (B) The relative mean fluorescence intensity (in fluorescent light units [FLU]) representing the relative EGFP expression level was
calculated. (C) The TIMP3 cells were cultured for 67 days and subjected to ChIP assays as for Fig. 6C. (D) Temporal changes in the H3K4me/H3ac
levels between day 0 and day 67.
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the local chromatin. Indeed, EGFP was silenced faster at the
F39 location than at the F59 location, consistent with the lower
level of H3K4me/H3ac at this location (Fig. 8A). Furthermore,
histone modifications at the MMP2 promoter approximated
the nearby chromatin regions after about 10 weeks (Fig. 8B).

Interestingly, strong transcription activators failed to pre-
vent the long-term reduction of H3K4Me/H3Ac levels (Fig. 9),
arguing against the possibility that transcription activators re-
cruit chromatin-modifying enzymes directly to the transgenic
promoter (34) where active chromatin markers serve as tran-
scription “memory” (29). We also think it unlikely that DNA
methylation establishes progressive gene silencing, since the
EGFP expression was subjected to silencing regardless of the
CpG dinucleotide density in the transgenic promoters (Fig. 8
and 9). Of these four promoters, p16 and TIMP3 contain a
well-characterized CpG island (32, 52). While DNA methyl-
ation might occur for these promoters, it is probably an event
subsequent to the reduction of H3K4me levels during trans-
gene silencing, as suggested in a previous report (28).

Since dimethyl K4 sometimes localizes to sites separate from
that of trimethyl K4 and the latter correlates better with tran-
scription starts (7), it was proposed that dimethyl K4 functions
differently from trimethyl K4, perhaps by marking functional
elements in the DNA (7). However, we found no difference in
these two types of methylations in defining chromatin regions
for transgene expression. While the F29 domain was enriched
in both di- and trimethyl K4, the F55 domain was preferentially
enriched in dimethyl K4 (Fig. 3) and both regions were per-
missive for gene expression. Indeed, it would appear that the
overall K4 methylation level rather than the amount of di-
methyl or trimethyl K4 defines a permissive chromatin region
for transgene expression.

Taken together, our studies suggest a novel mechanism for
transgene position effects whereby active histone modifications
(H3K4me/H3ac) define chromatin regions that specify the ex-
pression state or level of a transgene. Although distinct from
PEV, this mechanism can unify with the latter in invoking a
generalized role of histone modifications in defining chromatin

regions permissive/restrictive for transgene expression. Thus,
H3 K9 methylation defines a heterochromatin region where a
transgene is silenced or stochastically silenced if the transgene
is localized proximal to this region. Additionally, H3K4me or
H3ac defines a euchromatin region allowing transgene expres-
sion, whereas variegated transgene expression occurs in a eu-
chromatin region deficient in these markers. Therefore, our
findings underline the importance of the chromatin environ-
ment in determining gene expression.

Other models including repetitive DNA (42) or transcrip-
tional interference from the flanking sequence (12) have been
proposed to explain transgene position effects in euchromatin.
Repetitive DNAs recruit heterochromatin assembly factors
and result in condensation of the chromatin (42). However,
large-scale repetitive DNA is very rare in the mammalian ge-
nome, and in fact, the four genomic locations we investigated
did not enrich in H3K9me2 or H3K9me3, markers for hetero-
chromatinization. Likewise, a role for transcriptional interfer-
ence in the position effects we observed here is less likely since
the inclusion of an additional strong polyadenylation signal
sequence upstream of the transgenic promoters (Fig. 1A)
would likely abolish the transcriptional interference from the
flanking DNA (50).

As expected (1, 46), strong promoters presumably recruiting
strong transcription activators countered the silencing effects
of the nonpermissive chromatin. This observation supports the
“site-exposure model” that proposes a dynamic equilibrium
between a “closed” and a “open” chromatin state that allows
strong transcription activators access to the DNA, thereby
shifting the balance between negative and positive regulators
toward activated transcription (1, 2). According to this model,
the chromatin state is not altered by transcription activators,
consistent with our observations that the strong TIMP3 and the
weak MMP2 promoters shared similar H3 acetylation and K4
methylation patterns. Importantly, neither the reduction of
modified histone levels at the promoter nor the reduction of
the EGFP expression levels in the transgenic cells was abol-
ished by the TIMP3 promoter localized to the nonpermissive

FIG. 10. A model for variegated transgene position effect. Histone-modifying enzymes (e.g., HMT as depicted) recruited by modified histone
residues (H3K4me or H3ac) (solid circle) in the flanking chromatin (nucleosomes in gray) randomly load on the newly synthesized nucleosomes
(in white), resulting in parallel modifications of histone residues at the transgenic promoter while transgene expression is facilitated. In a
nonpermissive chromatin region, however, lack of H3K4me or H3ac results in limited number of local histone-modifying enzymes (A). As a result,
stochastic loading of these enzymes generates cell subpopulations that differ in their de novo histone modification levels associated with the
transgenic promoter (B), resulting in mosaic (variegated) transgene expression (C). Alternatively, histone modifications in the flanking chromatin
may direct the transgene to distinct nuclear compartments rich in or lacking histone-modifying enzymes that modify the transgene-associated
histones by a similar mechanism.
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regions, suggesting that the ultimate balance was shifted
back toward negative regulation. These findings could very
well explain the frequent progressive loss over time of ex-
pression of stably transfected genes driven by strong pro-
moters, suggesting that repressive chromatin effects domi-
nate over trans activation.

In summary, we have demonstrated that the level of
H3K4me/H3ac defines a chromatin region distinct in its ability
to either permit or restrict transgene expression. Further, we
propose that variegated transgene expression is a function of
stochastic H3K4 methylation and/or H3 acetylation at the
transgenic promoter dictated in turn by the histone code in the
flanking chromatin region.
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