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ABSTRACT The mouse metallothionein-I (mMT-I) pro-
moter is activated by the metal response element-binding
transcription factor (MTF), which binds metal response ele-
ments (MREs) when stimulated with heavy metals. We ana-
lyzed eight K562 erythroleukemia cell clones, each carrying a
single integrated copy of an mMT-Iyb-geo construct, using a
system that can independently assess the level of b-geo
expression and the rate at which it is silenced. In these clones,
basal expression and rate of silencing vary widely and inde-
pendently with integration site. This implies that the rates of
transcription and of silencing are separate properties deter-
mined by interaction of the regulatory elements of the trans-
gene with the site of integration. Induction of the mMT-I
promoter with zinc both increases expression level and
strongly retards silencing of b-geo expression. At a given
integration site, expression level and silencing are affected
coordinately by induction. Taken together with earlier studies
of distant metal-responsive elements, these results suggest
that distance from the promoter may determine whether a
factor can increase transcription rate. Stimulation of anMRE
can both increase transcription and overcome repressive
effects of chromatin; we suggest that these functions are
linked.

Activating factors bound in upstream promoter regions and in
more distant enhancers are thought to regulate the rate of
transcription through direct interaction with the initiation
complex (1). In this view of transcriptional control, activating
factors bound close to the promoter or at more distant sites
(enhancers) perform essentially the same function. Most of the
evidence for the effect of enhancers on transcription rate is
derived from systems in which populations of cells are analyzed
(2, 3). In those systems, an increase in transcription products
will result from either an increase in the rate of transcription
of all of the templates or an increase in the proportion of
templates that are actively transcribed. However, assay of
expression in single cells suggests that enhancers act primarily
to establish and maintain transcription, and that their direct
effect on transcription rate is minimal (4–8). Similarly, evi-
dence that factors binding to upstream promoter regions
regulate the rate of transcription is derived primarily from
experimental systems, such as transient transfection and in
vitro transcription assays, that analyze the total transcribed
product or reporter expression from a very large number of
templates (1), and so the effect of promoter activation on
transcription is in most cases unclear.
The mouse metallothionein-I (mMT-I) promoter is a well-

characterized example of a simple inducible promoter. Heavy
metals induce binding of the activating factor MTF to a series
of metal response elements (MREs) in the mMT-I promoter;
this increases expression of MT and of reporter genes driven

by the mMT-I promoter (9–12). Although this has been
regarded as an indicator of an increase in transcription rate,
the reporter systems used have not assayed the number of
transfected cells expressing the reporter.
Genes translocated or exogenously introduced into the

genome are subject to position effects (13, 14). These have
been classified into two types: variegating effects, in which the
gene is inactivated in a subpopulation of cells in a stochastic
and clonally heritable fashion, and stable effects, in which the
gene is active in all cells, but its expression level is influenced
by the integration site. In an earlier study, we examined the
effect of MREs (derived from the mMT-I promoter) on
expression of the b-geo reporter gene, when the MREs were
placed downstream of b-geo, 4 kb distant from the promoter
(7). There was a strong tendency for expression of b-geo to be
silenced, at a rate characteristic of the individual integration
site; we have compared this to position-effect variegation and
other silencing phenomena (13). We established that stimu-
lation of the MREs had no effect on the level of b-geo
expression. However, stimulation of the distant MREs dras-
tically retarded silencing; a parallel study found that a globin
enhancer also retarded silencing without significantly affecting
expression level. Since other studies of expression in individual
cells have also shown that enhancers have little effect on the
level of transcription (4–8), we concluded that distant acti-
vating elements act primarily by creating and maintaining
domains in which promoter activity is permitted. This left open
the question of whether the same elements are able to regulate
transcriptional level when placed near the promoter, and if so
whether expression level is linked to silencing.
We now report a study of expression driven by the mMT-I

promoter when stably integrated into K562 erythroleukemia
cells. The basal level of expression is strongly affected by the
integration site; metal stimulation does increase transcription
from this promoter, although not to the degree predicted by
earlier experiments with transient assays. In the absence of
metal stimulation, expression of b-geo is silenced, and the rate
of silencing is dependent on the integration site; there is no
relationship between the rate of silencing and the level of
b-geo expression when different integration sites are com-
pared. Metal stimulation of the promoter counteracts silenc-
ing. At a given integration site, increasing concentrations of
zinc have a parallel affect on expression level and rate of
silencing. Taken together with the earlier study of a MT
enhancer (7), this experiment suggests that distance from the
promoter determines the ability of an activating factor to
increase transcription, but that in either location the factor
prevents formation of higher-order chromatin structures that
silence transcription.
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MATERIALS AND METHODS
Cell Culture and Transfection. Conditions for growth and

electroporation of K562 cells were as described (6). For
induction of MT elements, zinc sulfate was added to the
medium to a concentration of 80 mM, which we have estab-
lished is not toxic to K562 cells; growth rates of induced and
uninduced cells are equivalent. Following electroporation of
K562 cells with the MTyb-geo plasmid (Fig. 1), G418-resistant
clones were screened for single-copy integrants. Genomic
DNAwas digested with EcoRI, which cuts at a single site in the
b-geo gene in MTyb-geo. Single integration events were
confirmed by using hybridization probes located either up-
stream (900-bp ClaIyBamHI lacZ fragment) or downstream
(1.2-kb EcoRIyXhoI b-geo fragment) of the EcoRI site in
b-geo. Only those clones that generated a single hybridization
signal greater than 4 kb in size (with a different size for each
probe) were selected for subsequent analyses.

b-gal Assays. The MUG assay was performed on bulk
cellular lysates in 96-well plates on a Dynatech fluorimeter as
previously described (16). The protein content of lysates was
determined by the Bradford method, and this content was
confirmed to lie in the linear portion of this assay before
proceeding with the MUG assay. Fluorescence of each sample
was measured in triplicate, and mean b-gal activity was deter-
mined following correction for protein content of the lysates.
MUG assays were repeated at least three times, and mean
activity and SEM were calculated. FACS-gal analysis was
performed as previously described (15, 17).

RESULTS
Experimental Strategy. To determine the mechanism by

which an upstream activator increases reporter gene expres-

sion, we have studied the effect of stimulating an inducible
promoter in a system that can independently assess the level
and stability of expression (7). The level of expression is
reflected in the level of the reporter gene product in a
population of cells all of which are actively expressing. The
stability of expression is reflected in the rate at which expres-
sion of the reporter is silenced, in cells within a population that,
at a starting point, contains only expressing cells. b-geo is a
fusion of b-gal and aminoglycoside phosphotransferase
(neoR) and has activities of both proteins (18). We have used
b-geo in conjunction with FACS-gal, an extremely sensitive
flow cytometric method which detects b-gal expression in
single cells (7, 15–17). Clones that stably express b-geo can be
selected with G418; when maintained in G418 all cells express
b-geo, and the level of b-geo expression in these clones can
then be quantitated by conversion of MUG (6, 16). When cells
are removed from G418, expression is no longer required, and
silencing may occur; the percentage of expressing cells can be
measured with FACS-gal.
We derived K562 erythroleukemia cell lines carrying a

construct (kindly provided by R. Palmiter) in which expression
of b-geo is driven by the mMT-I promoter, and we screened
clones to identify those carrying single integrated copies of
MTyb-geo (Fig. 1). These clones were analyzed in the same
way as those in our earlier study of a metal-inducible enhancer
derived from the mMT-I promoter (7). The effect of zinc
stimulation on transcription rate was observed while cells were
maintained in G418, to ensure that only expressing cells were
analyzed. The effect of zinc on the silencing of transcription
was studied by removing clones from G418 and splitting them
into two aliquots, one maintained in standard medium and the
other in medium supplemented with zinc. At intervals up to a
year the proportion of expressing cells was measured with
FACS-gal. Eight clones were analyzed in this way.
Basal and Inducible Expression of MTyb-geo. The basal

level of b-geo expression varied as much as 6-fold among
clones carrying single copies (Fig. 2A). It is unlikely that this
effect is due entirely to integration near endogenous enhanc-
ers, as even a powerful erythroid enhancer has at most a 2-fold
effect on expression of a closely linked reporter (7). Zinc
stimulation of the mMT-I promoter increased b-gal activity
from 2- to 5.5-fold depending on the clone (Fig. 2A). This
amount of induction is less than that reported with MT
promoters using assays that did not separate effects on ex-
pression from effects on the number of expressing cells (12).
In this system G418 selection ensures that all cells are express-
ing the reporter.
The influences of the integration site on expression level in

these clones are comparable to stable position effects in
Drosophila, in which all cells may express but expression level
is influenced by the integration site (14). Expression from the
mMT-I promoter is affected to approximately the same extent
by the integration site and by metal induction of the promoter
elements (Fig. 2A); the greatest difference in basal expression
between clones was 6-fold, and the greatest induction (in clone
12) was nearly 6-fold.
Silencing of b-geo. Expression of b-geo was silenced in six

of the eight clones; at successive points after removal of G418
selection, increasing numbers of nonexpressing cells were
found in the population (Fig. 2B). The silencing we observe
appears similar to effects noted in a variety of systems,
including classical position-effect variegation, telomeric silenc-
ing in yeast and trypanosomes, mating-type silencing in yeast,
and silencing of transgenes in mice and cell lines (7, 13, 19–28).
Silencing in our K562 clones occurs at a highly variable rate
that is related to the site of integration; in some (clones 10 and
12) nearly all unstimulated cells were silenced at the first assay
point, while in two (clones 2 and 13) expression was stable
(without zinc stimulation) for a year following removal of G418
selection.

FIG. 1. Strategy for study of zinc induction of themMT-I promoter.
The construct (top) contains themMT-I promoter (from2727 to166)
driving expression of b-geo and is derived from pSAb-geo (18). The
mMT-I promoter contains a series of six MREs starting directly
upstream of the TATA element (12). MTyb-geo was electroporated
into K562 cells and eight single-copy integrants were characterized.
Basal expression and inducibility were studied by splitting cells main-
tained in G418 into two aliquots, and adding zinc sulfate (to 80 mM)
to one aliquot. Twenty-four hours later b-galactosidase (b-gal) activity
in each aliquot was determined by 4-methylumbelliferyl b-D-
galactoside (MUG) conversion in cell lysates. Stability of b-geo
expression was determined by removing cells from G418 and dividing
them into two aliquots. One aliquot was maintained in standard
medium, the other in medium with 80 mM zinc sulfate. At intervals,
the fluorescence-activated cell sorter–b-gal (FACS-gal) assay was
performed to assay the proportion of expressing and silenced cells.
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Significantly, stimulation with zinc strongly retarded silenc-
ing in all of the six clones in which silencing occurred (Fig. 2B).

Clones that silenced more rapidly in the absence of zinc also
silenced more rapidly in the presence of zinc. Once silenced,
expression of b-geo was generally not responsive to stimulation
with zinc. Clone 3 is an exception; expression in this clone is
reactivated by zinc stimulation, although the mMT-I promoter
in the silenced cells is methylated (not shown).
There is no relationship between the basal level of expres-

sion and the rate of silencing. For example, clone 10 is the most
rapidly silenced, while clone 13, with a similar basal expression
level, is not silenced at all; this demonstrates that transcription
level alone does not determine stability of expression. How-
ever, although apparently independent of each other, rates of
both transcription and silencing are very much affected by the
integration site.
Linkage Between Silencing and Expression Level. No rela-

tionship between b-geo expression level and rate of silencing
is evident when clones are compared (Fig. 2). This suggests
that transcription rate and silencing of transcription are inde-
pendent manifestations of the interaction between the regu-
latory elements in the transgene and the site of integration.
However, both are affected when the mMT-I promoter is
stimulated. We thus asked if transcription and silencing rates
are linked at a given integration site. The effect of increasing
levels of zinc on transcription and silencing was analyzed in the
two clones (clones 10 and 12) in which silencing was most rapid
(Fig. 3). The effect of increasing levels of zinc on the level and
stability of expression was analyzed in the two clones (clones
10 and 12) in which silencing was most rapid (Fig. 3). In both
clones, the induction of increased b-geo expression (Fig. 3A)
corresponds to a decrease in the rate of silencing (Fig. 3B) at
all concentrations of zinc. For example, zinc had slight effects
on level of expression and silencing at 20 mM, but greater
effects on both at 60 mM (Fig. 3). Thus retardation of silencing
and an increased level of transcription appear to be linked
when the MREs are situated within a promoter.

DISCUSSION

We find that the action of MTF on the MREs of the mMT-I
promoter has two measurable effects: retardation of silencing
and an increase in the level of reporter gene expression. A
comparison of individual clones containing single copies of the
mMT-Iyb-geo construct integrated at different sites demon-
strates two types of position effect: a stable effect that influ-
ences the level of transcription and a silencing (variegating)
effect that is independent of the transcription level. The lack
of any apparent relationship between expression level and
silencing rate when clones are compared suggests that tran-
scription level and stability are independently influenced by
the integration site. Each of the two position effects is modified
by zinc stimulation of the promoter, and at a given integration
site this modification is coordinate. Taken together with
evidence that MTF does not increase transcription level from
a distance, this leads us to the conclusion that MTF affects
both transcription level and the assembly of repressive chro-
matin structures through a single mechanism which affects
transcription rate only over short distances.
Other instances in which transcriptional activators may

directly counteract the repressive effects of chromatin pack-
aging have been noted, although these have not correlated
promoter activity and silencing. In Drosophila, the establish-
ment of clonally heritable states of repression in homeotic
genes by members of the Polycomb group (Pc-G) is antago-
nized by transcriptional activators of the trithorax group (29,
30). Silencing of URA3 expression by the yeast telomere is
counteracted by overexpression of Ppr1, a transcriptional
activator of URA3 (31). We have also used the system de-
scribed in this paper to show that deletion of an enhancer from
an integrated construct has only a slight effect on the level of
reporter expression, but drastically destabilizes expression, and

FIG. 2. Effects of zinc stimulation on expression level and silencing
of b-geo in K562 cell clones. (A) The basal and induced expression of
b-geo in eight clones carrying single integrated copies of MTyb-geo;
bars denote SEM. Results shown are means of at least three experi-
ments, and are normalized to the negative control. There is a 5-fold
variation of basal expression level between clones (open bars). Induced
levels (solid bars) are 24 h after addition of 80 mM zinc sulfate. The
basal and induced levels of b-gal in cells maintained free of G418 do
not differ significantly from those shown, except in cases in which
silenced cells exist in the assayed population; in those cases the levels
are proportional to the percentage of expressing cells. (B) Silencing of
b-geo expression in MTyb-geo clones is retarded by zinc stimulation.
Cells were continuously expanded with (1Zn) or without (2Zn) 80
mM zinc sulfate in the culture medium. The x axis in these histograms
represents a three-decade log scale of fluorescence, and the y axis
represents the relative cell number. All clones were maintained in
G418 until time 0 and then split into induced and uninduced aliquots,
so that at time 0 all were expressing and the two populations were
identical. There is a steady accumulation of silenced cells over time.
Weeks and years are denoted as wk and yr, respectively. The histo-
grams show progressive silencing over a period of up to 1 yr. Two
clones (C2 and C13) show no silencing. The other clones show
significant, but varying, proportions of silent cells, but in each case zinc
stimulation slows or completely prevents silencing. In the case of clone
10, silencing in both aliquots was complete by 33 wk so that later time
points are not shown. The uninduced (2Zn) aliquots of clones 14 and
20 were lost after 33 wk and so there is no 1-yr time point.
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that distant MREs powerfully retard silencing without any
effect on transcription (7). Taken together, these findings
suggest that an important function of a transcriptional activa-

tor, independent of the location of its binding site relative to
the promoter, is to prevent the formation of repressive higher-
order chromatin structures.
Much evidence has accumulated that transcriptional acti-

vators displace or reorder nucleosomes, and this has been
interpreted as resulting in increased transcription. On naked
DNA templates activator effects are rapidly attenuated with
distance, suggesting that chromatin structure mediates long-
range activation (32–36). Early work with the simian virus 40
enhancer also suggested that its effect on transcription rate is
rapidly attenuated if it is moved away from the promoter (37).
The findings presented here, taken together with work on
distant enhancer elements (7), suggest that an activator may
affect chromatin structure in such a way as to keep a tran-
scription unit in an active state, without increasing the rate of
transcription; this may be the primary function of activating
elements. When MTF binds in the promoter, effects on both
expression level and maintenance of the active state are seen;
when bound at a distant site, only maintenance of the active
state is affected. Proximity to the site of transcriptional
initiation thus appears to determine whether MTF can regu-
late the level of transcription, and this may apply generally to
transcriptional activators.
Genes in their endogenous contexts are flanked by elements

that may ensure expression in appropriate lineages. The work
discussed above suggests that the primary function of nonpro-
moter control elements is to ensure expression rather than
regulate transcription rate; this view predicts that deletion of
critical enhancer elements from an endogenous locus would
result in variegated expression (although such elements might
also affect the chromatin milieu that creates stable position
effects on transcription rate). Loss of an upstream promoter
element in the context of an intact locus may instead result in
decreased transcription, as is known to be the case for several
b-globin promoter mutations (38). Little information on the
effects of endogenous enhancer deletions is currently avail-
able. Deletion of individual enhancer elements in the b-globin
locus control region results in decreased b-globin expression
(39, 40), but the assay used in these studies did not examine
individual cells, so that variegation could not be assessed.
Furthermore, erythroid cells undergo nuclear condensation
during their terminal differentiation, and we have speculated
that deletion of individual enhancers might result in premature
cessation of transcription during terminal differentiation
rather than the complete failure of gene expression that is
typical of variegation (41). A more detailed understanding of
these issues will require study of the effects of mutating
transcriptional control elements in their native context, as well
as the ability to distinguish expression in individual cells.
Retardation of silencing is not directly correlated with

higher transcription level, as revealed by comparison of dif-
ferent integration sites, and of distant binding sites with
proximal ones. The activity of MTF appears to affect both
coordinately, but only when close to the promoter. How does
increased binding of MTF to the upstream activator elements
mediate both an increase in transcription level and an increase
in stability? While effects on transcription and on the active
state could be separable functions of this factor, we suggest
that a single function related to modulation of chromatin
structure could produce effects that differ with proximity to
the initiation site. In each case the formation of repressive
higher-order structures is antagonized, but in addition the
change in structure near the initiation site may increase the
efficiency of initiation or elongation of transcription.
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