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Enhancer elements have been shown to affect the probability of a gene establishing an active transcriptional
state and suppress the silencing of reporter genes in cell lines, but their effect in transgenic mice has been
obscured by the use of assays that do not assess expression on a cell-by-cell basis. We have examined the effect
of a globin enhancer on the variegation of lacZ expression in erythrocytes of transgenic mice. Mice carrying lacZ
driven by the a-globin promoter exhibit 3-galactosidase (3-Gal) expression in only a very small proportion of
embryonic erythrocytes. When the transgenic construct also contains the a«HS-40 enhancer, which controls
expression of the a-globin gene, expression is seen in a high proportion of embryonic erythrocytes, although
there are variations between transgenic lines which can be attributed to different sites of integration. Analysis
of B-Gal expression levels suggests that expressing cells in lines carrying only the -globin promoter express
as much B-Gal as those in which the transgene also contains aHS-40. A marked decline in transgene
expression occurs as mice age, which is mainly due to a decrease in the proportion of cells expressing the
transgene. Thus, a globin enhancer can act to suppress variegation of a linked transgene; this result is
consistent with a model in which enhancers act to establish and maintain an active domain without directly

affecting the transcriptional rate.

The mechanism by which enhancers regulate gene expres-
sion remains in question. While enhancers have been widely
considered as elements which act at a distance to increase the
rate of transcription from a linked promoter (19, 42, 47, 51),
several experiments that have assayed individual cells after
gene transfer in cell lines have suggested that enhancers facil-
itate the establishment and maintenance of promoter activity
with little or no effect on the level of gene expression in each
cell (23, 24, 49, 50, 52). A recent study with cultured cells found
that enhancers could retard silencing of an integrated reporter
gene without significantly affecting the level at which it was
expressed, suggesting that they function to disrupt or prevent
the formation of repressive chromatin structures, thus permit-
ting the maintenance of gene expression (50). Enhancers have
frequently been used in transgenic mice to increase expression
levels, and it has generally been assumed that this effect is
achieved by directly increasing the rate of transcription of the
transgene. The findings in cell lines suggested that this assump-
tion might be incorrect and that instead the role of enhancers
in transgene expression is to ensure gene expression in the
appropriate lineages. A study of the effect of an enhancer on
expression of a reporter gene in whole animals would provide
evidence for or against this hypothesis, if expression of the
reporter could be observed in single cells.

The human globin genes are found in two clusters; in each
locus, they are arranged from 5’ to 3’ in the order in which they
are expressed during ontogeny (5’ {-a2-al 3’ in the a-globin
locus and 5’ &-Sy-*y-3-B 3’ in the B-globin locus) (44). The
a-globin gene and its immediate flanking regions exhibit little
or no expression in transgenic mice (12, 26, 36, 40), but a
DNase I hypersensitive site 40 kb upstream of the { globin gene
(oHS-40) confers high-level expression on linked globin genes
in transgenic mice as assayed by RNase protection (16).
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aHS-40 acts as an enhancer in transient and stable expression
assays in cell culture (29, 32, 41), and in common with other
globin enhancers, is bound by a set of erythroid transcription
factors (17, 45). All of the functional assays of the aHS-40
element described above were carried out with cell lysates, so
that the nature of the enhancement aHS-40 conferred on gene
expression was unclear.

We have recently reported variegated (heterocellular or mo-
saic) expression of a lacZ transgene driven by globin transcrip-
tional control elements, including «HS-40 (33). This varie-
gated expression is an “all or none” phenomenon; the gene is
either active or completely inactive in an individual erythroid
cell. Variegation has also been observed with a number of
other transgenes; among them are tyrosinase (3, 22), myelin
basic protein (18), hypoxanthine phosphoribosyltransferase
(30), and human CD2 in T cells (7). Few studies have exam-
ined expression of globin transgenes in individual cells; when
this has been done (by immunostaining with globin antibod-
ies), variegated expression has been observed (8, 25, 43). Var-
iegation is the visible result of a stochastic and clonally heri-
table silencing of gene expression. It appears to be the product
of an equilibrium between repressive chromatin structures and
active transcription units that produces a certain probability of
stable repression (14, 46). Little information is available on the
methylation status of genes silenced in this way. Variegation
can be detected only when expression of a gene is examined on
a cell-by-cell basis; when expression is studied in extracts from
entire tissues, differences in the proportion of cells expressing
a transgene will be seen as differences in total expression in
that tissue.

In the study presented here, we have asked whether the
aHS-40 enhancer element increases transcription by increas-
ing the number of transcriptionally active cells (i.e. suppressing
variegation in transgenic erythrocytes) or by increasing the
level of expression in transcriptionally active cells. We have
generated lines of mice carrying transgenes containing the lacZ
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gene driven by either the a-globin promoter alone or by the
a-globin promoter with the aHS-40 element placed down-
stream of lacZ.

Histochemical staining for B-galactosidase (B-Gal) allows
analysis of transgene expression in entire mouse embryos and
at the single-cell level in erythrocytes; total 3-Gal expression in
erythrocytes can be assayed in blood lysates. -Gal expression
in erythrocytes is variegated in all lines. In lines carrying the
construct containing only the a-globin promoter, extremely
small numbers of erythrocytes strongly expressing B-Gal are
seen in four of five lines. In lines carrying the construct con-
taining both the promoter and the aHS-40 enhancer, high
percentages of erythrocytes express -Gal in the embryonic
stage, but we find no evidence that the level of expression in
these erythrocytes is higher than that in the few expressing
erythrocytes in promoter-only lines. Greater silencing (fewer
expressing erythrocytes) in some lines is not reflected in
heavier methylation of the transgene promoter. In contrast, the
transgene promoter in erythroid cells from a completely inac-
tive line is heavily methylated. We also observe that as mice
age, there is a decline in B-Gal expression which is mainly
attributable to a decrease in the proportion of expressing
erythrocytes. Our findings suggest that the aHS-40 enhancer
acts to suppress the variegation of transgene expression in
erythroid cells. This is consistent with the idea that enhancers
function to create and maintain regions in which promoter
activity is permitted.

MATERIALS AND METHODS

Constructs. The oP construct was made by fusing the human o-globin pro-
moter from —570 to +40 to the SDKlacZ reporter gene, which encodes an
Escherichia coli B-Gal expression cassette. The aPE construct was made by
adding a 4-kb BamHI fragment which contains the aHS-40 element to the 3’ end
of the construct described above. For microinjection, both constructs were re-
leased from vector sequences with HindIIl and Kpnl, and the fragments were
purified by gel electrophoresis.

Production of transgenic mice. Transgenic mice were produced by microin-
jection of linearized DNA into the pronuclei of fertilized eggs from the outbred
P.O. mouse strain, which were then transferred into psuedopregnant females.
Transgenic progeny were identified, and hemizygous lines were established by
mating transgenic founders to P.O. mice. Copy number was determined by
standard Southern blot analysis of tail DNA. All data presented in this paper
have been obtained from established transgenic lines.

Staining. For developmental studies, transgenic hemizygous males were mated
to wild-type P.O. females, and the morning on which the copulatory plug was
observed was considered 0.5 day postcoitum (dpc). Whole embryos were stained
at 11.5 dpc. The embryos were dissected into phosphate-buffered saline (PBS),
fixed, and washed for 1 h each and stained with X-Gal (5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside) for 5 h at 37°C as previously described (33). To
observe expression at the single-cell level, erythroid cells from mice at various
time points were also stained with X-Gal. Embryos were bled into PBS, while
blood from postnatal mice was collected by tail bleeding, and a dilute suspension
of erythroid cells was fixed and washed for 5 min each and then was stained at
37°C for up to 24 h. A minimum of 200 erythroid cells from at least three positive
embryos were counted, and the percentage of cells that stained blue with X-Gal
was determined.

B-Gal assays. The activity of -Gal in erythroid cells was assayed in lysates of
blood obtained at various time points. Embryos were bled or adult peripheral
blood was collected into 200 wl of PBS. A cell count from the blood of positive
individuals was performed with a hemocytometer. The cells were collected by
centrifugation, resuspended in 0.5 ml of ice-cold 250 mM Tris (pH 7.4), and lysed
by four cycles of freeze-thawing, and the cellular debris was removed by centrif-
ugation at 4°C for 10 min. Ten microliters of the lysate was assayed with the
substrate o-nitrophenyl B-p-galactopyranoside (ONPG) as described previously
(15) for 2 h, and A4,; was determined. B-Gal activity values of lysates were
calculated per erythroid cell.

Methylation of the transgene. Genomic DNA was extracted from erythroid
cells of 12.5-dpc transgenic embryos of both oP and «PE lines and digested with
Pst] and EcoRV. A 1.7-kb fragment containing the human o-globin promoter
and the 5’ portion of the lacZ gene was detected when probed with the same
Pstl-EcoRV fragment in Southern blot analysis. Some DNA was further digested
with the methylation-sensitive restriction endonuclease Eagl or Smal to test for
methylation at those sites in the a-globin promoter. Eagl cuts at —54 relative to
the transcription start site, and Smal cuts at —86, —116, and —237. Four micro-
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FIG. 1. oP and «PE constructs microinjected into fertilized mouse eggs to
generate transgenic lines. The aP construct consists of 570 bp of the human
al-globin promoter linked to a 3.3-kb fragment which includes an E. coli B-Gal
expression cassette. The aPE construct has, in addition to the former, a 4-kb
fragment encompassing «HS-40 linked on the 3" end. The bar denoted pMC-TX
shows the position of the core 350-bp region which contains the major activity of
«HS-40 as defined by Jarman et al. (17).

grams of DNA was digested with 30 U of each restriction enzyme for 16 h under
the conditions described by the manufacturer. After electrophoresis, the agarose
gel was stained with ethidium bromide and checked for equivalent DNA diges-
tion by each enzyme in the samples before Southern transfer.

RESULTS

Expression and tissue specificity of the lacZ transgene. Two
constructs were injected into fertilized mouse eggs to produce
transgenic mouse lines (Fig. 1). aP contains 570 bp of the
human «l-globin promoter linked to the lacZ reporter gene
which encodes B-Gal. In oPE, a 4-kb BamHI fragment con-
taining aHS-40 has been added to the 3’ end of oP. In head-
to-tail concatemers of the transgene, the aHS-40 would be at
the 5" end of the next transgene, in the same orientation as is
found in vivo. Five aP and 10 «PE transgenic lines were es-
tablished. Transgene copy number was determined by South-
ern blot analysis and ranged from 1 to >100 (Table 1). Lines
in which the transgene array contained deletions or rearrange-
ments were excluded from the study.

Staining of whole embryos at 11.5 dpc with X-Gal revealed

TABLE 1. Expression of B-Gal in aP and «PE transgenic lines

Expression
Construct Line Copy no.
Erythroid” Ectopic®
oP oP-1 1 + +
aP-2 5 + +
aP-3 5-10 + +
oP-4 5-10 - +
aP-5 80 + +
oPE oPE-1 1-3 + +
oPE-2 2-5 + +
oPE-3 2-5 + +
oPE-4 10-15 + +
oPE-5 20 + +
oPE-6 20-30 + +
oPE-7 30-40 + +
oPE-8 50 + -
oPE-9 60 + +
oPE-10 >100 - -

¢ Erythroid expression of the transgene was determined by the presence of
blue-staining erythroid cells after staining of erythroid cell suspensions from
11.5-dpc mice in X-Gal for 24 h at 37°C. Up to 5 X 10° cells were examined for
each construct. +, presence of transgene-expressing erythroid cells; —, absence
of transgene-expressing erythroid cells.

b Bctopic expression of the transgene was determined by the presence of
blue-staining nonerythroid tissues after staining of whole 11.5-dpc embryos in
X-Gal for 5 h at 37°C. +, ectopic expression present after staining; —, ectopic
transgene expression not discernible.
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TABLE 2. Percentage of B-Gal-expressing cells, B-Gal activity per cell, and B-Gal activity per expressing cell in blood from 11.5-dpc embryos

% of B-Gal-expressing cells

B-Gal activity per:

Construct Line Copy no. a
Py at 11.5 dpe 10'° cells at 11.5 dpc® 10'° expressing cells at 11.5 dpc®

oP aP-1 1 <0.001 ND“ ND
aP-2 5 1.0 (0.7) 6.5(1.4) 650 (142)
aP-3 5-10 <0.001 ND ND
oP-4 5-10 0 ND ND
aP-5 80 <0.001 ND ND

oPE aPE-1 1-3 97.5(2.5) 480 (57) 492 (59)
oPE-2 2-5 92.1(8.2) 365 (47) 395 (51)
aPE-3 2-5 21.9 (3.8) 62.0 (3.9) 284 (19)
oPE-4 10-15 97.5(2.5) 313 (95) 321 (98)
aPE-5 20 56.1 (6.4) 212 (29) 377 (52)
oPE-6 20-30 28.5(2.7) 135 (18) 474 (62)
aPE-7 30-40 9.0 (3.1) 30.6 (8.4) 341 (94)
aPE-8 50 345 (1.9) 111 (21) 321 (60)
aPE-9 60 1.7 (0.7) 5.2(0.75) 306 (44)

“ Percentage of erythroid cells that stain blue after staining of erythroid cell suspensions from 11.5-dpc embryos with X-Gal for 24 h at 37°C. A minimum of 200 cells
were counted from three or more embryos, and the percentage is expressed as the mean with the standard deviation following in parentheses.
b B-Gal activity is expressed as the A4,,5 per minute of reaction per 10'° erythroid cells. At least three separate lysate preparations were assayed, and 3-Gal activity

is given as the mean with the standard deviation following in parentheses.

¢ B-Gal activities per expressing cell were calculated by correcting the activity obtained as described in footnote b with the percentage of blue-staining cells determined
as described in footnote a and is expressed as the mean with the standard deviation following in parentheses.
4 ND, not determined because the number of staining cells was so few that B-Gal activity was not detectable over background levels.

that the majority of lines had detectable levels of B-Gal in the
erythroid tissues (Table 1). In addition to erythroid expression,
most lines showed ectopic expression of the transgene at 11.5
dpc in patterns that vary from line to line. The patterns of
ectopic expression differ markedly from line to line (data not
shown), suggesting that the site of integration plays a major
role. Lines made from both constructs show ectopic expres-
sion, which suggests that «HS-40 does not contain elements
that suppress activity in nonerythroid lineages. We found that
the ectopic expression of the transgene at 11.5 dpc appears to
be pancellular (data not shown), in contrast to the heterocel-
lular expression seen in erythroid cells (see below). It is notable
that «HS-40 appears to have no effect on the pattern or extent
of transgene expression except in erythroid cells (see below),
consistent with its role as an erythroid cell-specific element.

The oPE-10 line failed to express B-Gal in erythroid cells.
While Southern blot analysis did not show any major deletions
of the transgene, it did reveal that this line contained a large
number of copies of the transgene; its failure to express may be
related to the silencing of large tandem arrays that has been
described in Drosophila melanogaster (5, 6, 37).

The aHS-40 enhancer increases the proportion of erythroid
cells that express the transgene. Expression of the transgene in
erythroid cells of the lines was assessed both by X-Gal staining
of erythroid cell suspensions and by B-Gal assays with lysates of
erythrocytes (Table 2). As with other globin promoter-lacZ
constructs that contain aHS-40, expression in erythrocytes is
heterocellular or variegated (33). Prolonged incubation with
the substrate does not increase the numbers of stained cells
(33), the extremely sensitive fluorescence-activated cell sorter-
Gal assay produces results that agree with those of X-Gal
staining (34), and stimulation of erythropoiesis by phenylhy-
drazine treatment does not increase the proportion of staining
cells (45a); for these reasons, we believe that X-Gal staining
accurately detects all B-Gal-expressing cells. Table 2 shows the
percentage of B-Gal-expressing erythroid cells in blood from
each of the lines at 11.5 dpc. The percentage of expressing cells
in each line does not bear a direct relationship to the number
of transgene copies in the line; some high-copy-number lines

show a low percentage of staining cells and vice versa, suggest-
ing that the site of integration rather than copy number is the
primary determinant of the extent of variegation.

The oP lines have extremely low numbers of expressing cells;
in one of the five lines, no expressing cells were detected, and
the highest expression was in line aP-2 at 1.0% at 11.5 dpc.
Examination of cells stained with X-Gal for B-Gal expression
permits a direct assessment of the proportion of cells express-
ing the transgene and detection of rare (one cell in a million)
expressing cells. Previous studies have shown that in transgenic
mice carrying the human a-globin gene without a«HS-40, ex-
pression is either undetectable or extremely low (12, 26, 36,
40). In all of these studies, expression was determined at the
RNA level with lysates of blood cells; low or undetectable
levels could be due either to low levels in all erythroid cells or
to a very low percentage of cells in which the transgene is active
at high levels. The expressing cells in the P mice, however,
appear to stain as strongly as cells from the «PE lines (shown
in Fig. 2 and below). Our result suggests that the low levels of
expression in the earlier studies were produced by very small
numbers of expressing cells.

Lines carrying the oPE construct express in markedly higher
percentages of erythrocytes than do the aP lines. The percent-
age varies from 98% (aPE-1 and aPE-4) of erythroid cells
expressing the transgene down to only 2% («PE-9) at 11.5 dpc.
While in both sets of mice there is variation from line to line in
the percentage of expressing cells, the presence of the a HS-40
enhancer clearly increases the proportion of expressing cells by
approximately 2 orders of magnitude.

Effect of the «HS-40 enhancer on 3-Gal levels in expressing
cells. We find that when heterocellularity is taken into account,
all of the lines express the transgene at approximately the same
level (Table 2); in all but one of the aP lines, the rarity of
expressing cells did not permit direct quantitation, but express-
ing cells from these lines were seen to stain as strongly as those
in other oP and oPE lines (Fig. 2). To obtain a measure of
transgene activity in expressing cells, we assayed 11.5-dpc
erythrocyte lysates for B-Gal activity and adjusted the levels
obtained with the percentage of expressing cells determined by
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FIG. 2. X-Gal staining of 11.5-dpc erythrocytes from oP and oPE transgenic mice. Erythroid cell suspensions from oP and oPE 11.5-dpc embryos were fixed,
washed, and stained with X-Gal simultaneously under identical conditions. The cells were photographed after timed incubations of 2 h (a and b) or 6 h (c and d) at
37°C. After 2 h of incubation with X-Gal, the line aP-2 (a), in which 1% of cells express B-Gal, shows some B-Gal-expressing erythroid cells that stain at least as intensely
blue those from the line «PE-1 (b), in which 98% of cells express B-Gal. After 6 h of incubation, the line aP-1 (c), in which <0.001% of cells express B-Gal, shows
an expressing erythroid cell that stains as intensely blue as those from line «PE-5 (d), in which 56% of cells express B-Gal.

staining with X-Gal (Table 2). This provides a value for the
B-Gal activity per expressing cell, which is similar in all of the
oPE lines regardless of copy number. This is consistent with
other studies that show aHS-40 does not confer copy number
dependence (16, 39, 40). Transgenic mice with a B-locus con-
trol region (LCR)-B-globin promoter—lacZ construct express
at least 10 times more B-Gal per expressing cell than do the
oPE mice, so that the level of B-Gal is not likely to have
reached a limiting level in these mice (52a).

Only rare cells express B-Gal in most of the oP lines (aP-1,
aP-3, and aP-4), so the activity in blood lysates of these lines
was undetectable, and a numerical value for expression per cell
could not be derived. Only aP-2 expresses B-Gal in a sufficient
number of erythrocytes to permit measurement of the expres-
sion per cell. The calculated B-Gal activity per expressing cell
in this line approximates that seen in the oPE lines (Table 2).
Figure 2 further demonstrates that the intensity of X-Gal stain-
ing of B-Gal-positive cells in aP lines (aP-1 and aP-2) is com-
parable to that in oPE lines («PE-1 and «PE-5) after simul-
taneous, timed incubation with the substrate. Similar
experiments have been performed with all of the P lines, and
in every case, the intensity of staining is similar to that seen in
the «PE lines (data not shown). Thus, the effect of « HS-40 on
expression of the lacZ transgene is to increase the proportion
of cells in which the transgene is expressed, without any ap-
parent effect on the level of expression in those cells.

The a-globin promoter in (3-Gal-negative cells from ex-
pressing lines is not heavily methylated. We investigated the
methylation status of the a-globin promoter in 8-Gal-negative
cells to determine if it differs from that in B-Gal-expressing
cells. DNA was extracted from 12.5-dpc erythroid cells and
digested with the methylation-sensitive restriction endonucle-
ases Eagl and Smal, for which there are several sites in the
a-globin promoter (Fig. 3A). Digestion of genomic DNA with
PstI and EcoRV will generate a 1.7-kb fragment which contains
both the a-globin promoter and the 5’ portion of the lacZ
gene. Additional digestion with Eagl or Smal will yield smaller
fragments, only if the DNA is unmethylated at their recogni-
tion sites. Figure 3B shows that the promoter is not methylated
at these sites in either aP- or aPE-expressing lines, even
though in some cases, most of the erythroid cells are not
expressing the transgene: aP-2 has 1% B-Gal-positive cells,
and oPE-3 has 20% B-Gal-positive cells. Therefore, methyl-
ation does not correlate with the extent of silencing (variega-
tion) observed in expressing transgenic lines. Only «PE-10, a
high-copy line which completely fails to express B-Gal, shows
methylation of the transgene at these sites in the promoter. In
the case of aPE-10, we do not know if methylation is the
primary cause of the lack of expression from the transgene or
if it is a secondary effect of inactivation by other mechanisms.
It is clear from these results that the methylation status of the
globin promoter in B-Gal-negative cells from expressing lines
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FIG. 3. Methylation status of aP and oPE transgenes in lines with various levels of expression. (A) Diagram of the «PE transgene showing the 1.7-kb PstI-EcoRV
fragment encompassing the a-globin promoter and 5’ portion of the lacZ gene. Bars below show relative positioning along the 1.7-kb fragment of the methylation
(™°C)-sensitive restriction enzymes Eagl and Smal and the fragment sizes expected if the sites are unmethylated. (B) Southern blot analysis of genomic DNA isolated
from 12.5-dpc embryonic erythrocytes. DNA from various lines was digested with PstI and EcoRV only or with PstI and EcoRV and either Eagl or Smal as indicated,
and approximate fragment sizes are shown on the left. «P-2, oPE-3, «PE-2, and «PE-1 all show complete digestion of the 1.7-kb fragment indicating lack of methylation
of the transgene at these sites in the promoter, even though in some cases the proportion of cells expressing 3-Gal is small. The 1.7-kb fragment remains largely intact
in the case of the nonexpressing line, «PE-10, showing that this transgene is heavily methylated.

is not the same as that found in cells from completely inactive
lines.

Expression of the transgene declines during development.
Although in humans the a-globin gene is expressed in the
embryo along with {-globin, it is the major adult a-like gene
and consequently remains active throughout adult life. We
found, however, that mice carrying the aPE construct exhibit a
decline in B-Gal activity in erythroid cell lysates as develop-
ment proceeds (Fig. 4A); this decline continues well past the
point at which definitive erythropoiesis is established. When
the percentage of B-Gal-expressing erythroid cells was deter-

mined throughout this period (Fig. 4B), it exhibited a decline
that parallels that of the total B-Gal activity in blood lysates.
The percentage of B-Gal-expressing cells decreased at differ-
ent rates in each of the lines. Some had decreased below 1% by
2 months after birth («PE-8), while most were between 1 and
10% at this time point. Of these, some stabilized and continued
to express at that percentage past 1 year of age («PE-3), while
others continued to decrease as the age increased (aPE-1,
oPE-4, and oPE-5). In still other lines, 20 to 40% of erythroid
cells expressed B-Gal at 2 months or more, but the percentage
gradually decreased with age also (data not shown).
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FIG. 4. Transgene activity in erythroid cells through development of the transgenic lines aPE-1, «PE-3, «PE-4, «PE-5 and o«PE-8. (A) B-Gal activity per 10'°
erythroid cells with increasing age of the mouse. B-Gal activity is defined as A4,,5 per minute of reaction. Each experimental point represents a mean of three or more
individuals. Error bars have been omitted for clarity, but generally the standard deviation was within 25% of the mean. (B) Percentage of cells that express B-Gal with
increasing age of the mouse. Each experimental point represents a mean of three or more individuals. Error bars have been omitted for clarity, but the standard
deviation was within 20% of the mean. (C) B-Gal activity per 10'° expressing cells. Values were calculated by correcting the values obtained in panel A with the mean
percentage of cells that express B-Gal shown in panel B. Each experimental point represents a mean of three or more individuals.

When B-Gal activity per expressing cell was calculated at a
number of time points throughout development (by correcting
B-Gal activity per cell for the percentage of expressing cells),
most lines still showed a decrease, but it was greatly reduced
(Fig. 4C). Thus, while there was a 20- to >500-fold decrease in
total transgene expression between 11.5 dpc and 3 months
after birth, the B-Gal activity per expressing cell dropped only
by approximately 5-fold during this period. Clearly the major
component of the age-dependent decrease in B-Gal expression
in erythroid cells is the decrease in the proportion of express-
ing cells. The small decline in the level of expression per active
cell may correspond to the switch in cell type from primitive to
definitive erythrocytes which occurs at this point (44).

DISCUSSION

We have observed that addition of a globin enhancer to a
transgene has the effect of increasing the proportion of eryth-
rocytes that express the transgene, without any measurable
effect on transgene expression level in expressing cells. While
this effect is contrary to the prevailing model of enhancer
action, it is consistent with several experiments that have de-
scribed the enhancer effect as one of increasing the establish-
ment and maintenance of expression, rather than transcription
rate. Silencing of the transgene is not associated with increased
promoter methylation, except in lines that completely fail to
express the transgene. Silencing trends to increase with age of
individual mice, but the pattern of expression during ontogeny
does not change in successive generations. The silencing we
observed is not classic position-effect variegation (PEV); it
occurs in every transgenic line, making it extremely unlikely
that in all cases it is due to integration near centromeric het-
erochromatin. The element we have studied, a«HS-40, is an
enhancer that has been found not to act as an LCR (16, 39, 40).
Our findings are thus consistent with a model in which an
enhancer acts to increase the likelihood that transcription will
be established, maintained, or both during differentiation.

Variegation of transgene expression has been widely ob-
served, and we speculate that analysis of expression on a single-
cell level would identify many more instances (21). Variegation
appears to be similar to a number of silencing phenomena

which have in common the placement of an active gene within
or near repressive chromatin (14, 28, 46). PEV was described
in chromosomal translocations that place a marker gene near
constitutive heterochromatin, resulting in stochastic and
clonally heritable inactivation of the marker. A recent report
found that a human CD2 transgene is subject to PEV and that
this PEV is suppressed by inclusion of an LCR in the transgene
(10); this LCR element did not act as an enhancer in other
assays. LCRs direct high-level, tissue-specific expression of
linked genes in transgenic mice, and the expression is indepen-
dent of the site of integration in the host genome (11, 27, 31,
38). The results presented here suggest that suppression of
variegation can also be achieved by the addition of enhancer
elements to a transgene construct. Since enhancers are found
adjacent to many eukaryotic genes, while only a handful of
LCRs have been characterized, this finding is of general sig-
nificance.

The aHS-40 element acts as a transcriptional enhancer in
both transient and stable expression assays in cell culture (29,
32, 41) and when included in constructs in transgenic mice (16,
39, 40). «HS-40 is classified as an enhancer rather than an LCR
because it does not confer position independence and copy
number dependence in the transgenic assays. It is bound by a
group of nuclear factors that also bind and activate other
enhancers and promoters of erythroid cell-specific genes (17,
45), and naturally occurring deletions of aHS-40 from the
a-globin locus in humans result in a severe down-regulation of
a-globin expression (13, 20, 35). However, in all of the exper-
iments cited above, the effect of the « HS-40 was not assayed on
a cell-by-cell basis. We find that the «HS-40 enhancer strongly
suppresses variegation of a lacZ transgene in erythroid cells.
Within expressing cells, its presence does not appear to signif-
icantly affect the level of transgene expression, although this
judgment must be tempered by the fact that the rarity of
expressing cells in most promoter-only lines permits only a
crude assessment of expression level.

This work represents the first cell-by-cell assay of enhancer
activity performed in a transgenic animal. It adds to the grow-
ing body of evidence, derived from experiments with cultured
cells, supporting the view that enhancers act primarily to in-
crease the probability of a gene establishing a transcriptionally
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active state (23, 24, 49, 50, 52). Suppression of silencing by
transcriptional activators has also been described in Drosophila
and yeast species (1, 9). Our results suggest that the presence
of a transcriptional enhancer in the transgenic construct serves
to establish and maintain a transcriptionally active region by
antagonizing formation of a stable repressed state, in effect
insulating a transcription unit from flanking chromatin. Since
many enhancers are bound by tissue-specific factors, they may
permit a gene to remain in an active state only in appropriate
cell types.

It is striking that in every mouse line carrying a globin trans-
gene we have analyzed (in this and other studies the total is
greater than 40), expression in erythrocytes was variegated at
some developmental stage, while in studies of transgenes ex-
pressed in other lineages, only a small proportion of lines
exhibited variegation (7, 21). We suggest that this characteris-
tic of transgenes expressed in erythroid cells is attributable to
the very heterochromatic nature of the erythroid nucleus,
where virtually any integration site will be subjected to a
strongly repressive influence. During terminal erythroid differ-
entiation, the nucleus is progressively condensed and eventu-
ally becomes transcriptionally inactive. The globin loci, which
are transcribed during the terminal phase of erythroid differ-
entiation when heterochromatinization is occurring, are
adapted to remain active in this context (2). However, most
sites into which a transgene may randomly integrate will be
inactivated during terminal differentiation. An enhancer linked
to the promoter may function to prevent the formation of
stable repressive structures that silence the construct, increas-
ing the likelihood of the transgene maintaining an active state
during erythroid differentiation. Clearly the o-globin pro-
moter, even in the presence of aHS-40, is not able to com-
pletely suppress variegation in 100% of erythroid cells, as must
occur when it lies in its normal chromosomal context. We may
be missing important cis-acting regulatory elements, perhaps
contained in the a-globin coding sequence or surrounding re-
gions, which have not been included in the constructs. Alter-
natively, the chromatin in which the a-globin cluster usually
resides may not be as repressive as that found in much of the
erythroid nucleus. In fact, Vyas et al. (48) have shown that the
a-globin cluster lies in a region of chromatin structure that is
open in all cell types.

Gene inactivation is often found to correlate with methyl-
ation (4), although it remains unclear whether methylation is
the cause or consequence of the inactivation. We have found
high levels of transgene methylation in lines in which the trans-
gene is completely inactive in all tissues and at all stages of
development. However, in lines containing both B-Gal-positive
and -negative cells, the transgene appears to be unmethylated
in all cells. Although methylation could be occurring at some
specific site which is not detected in this assay, these experi-
ments suggest that methylation is unlikely to be responsible for
the inactivity of the transgene in variegating lines. We specu-
late that methylation of the transgene may be associated with
inactivity only when this is a germline event, rather than the
stochastic inactivation characteristic of most lines.

We noted a strong tendency for the extent of variegation to
increase with age in these mice; the same effect has been
observed in mice carrying several other constructs (34) and
may be responsible for the variable down-regulation of expres-
sion observed by Sharpe et al. (40) with a-globin constructs
containing no prokaryotic gene sequence. Our observations
are similar to findings by others that foreign genes are pro-
gressively silenced upon prolonged incubation in tissue culture
(50); they confirm that this silencing occurs in whole animals
and is not merely the aberrant behavior of transgenes in trans-
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formed cells maintained under artificial conditions. At present,
the cause of the decrease in expressing cells is not understood.
While it is not suggested that genes present in their normal
chromosomal locations undergo such silencing, it is clear that
such a decline is likely to be a confounding factor in studies of
developmental regulation of genes in transgenic mice and in
situations in vivo in which continued expression of the trans-
gene is required.

The findings of this study may well be generally applicable to
the action of enhancers in transgenic systems; we predict that
when addition of an enhancer to a transgene increases expres-
sion, it will do so by increasing the proportion of cells express-
ing the transgene (suppressing variegation). Taken together
with other work, this study suggests that enhancers may act
primarily or entirely by increasing the ability of a gene to
maintain activity; we speculate that the presence of a sufficient
concentration of such elements may be necessary to provide
the virtual assurance of activity in the appropriate lineage that
is characteristic of tissue-specific loci such as the globin loci.
Transgenic mice will provide an excellent method of studying
this aspect of enhancer action.
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