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The expression of chromosomally integrated transgenes usually varies greatly among independent trans-
fectants. This variability in transgene expression has led to the definition of locus control regions (LCRs) as
elements which render expression consistent. Analyses of expression in single cells revealed that the expression
of transgenes which lack an LCR is often variegated, i.e., on in some cells and off in others. In many cases,
transgenes which show variegated expression were found to have inserted near the centromere. These observa-
tions have suggested that the LCR prevents variegation by blocking the inhibitory effect of heterochromatin
and other repetitive-DNA-containing structures at the insertion site and have raised the question of whether
the LCR plays a similar role in endogenous genes. To address this question, we have examined the effects of de-
leting the LCR from the immunoglobulin heavy-chain locus of a mouse hybridoma cell line in which expression
of the immunoglobulin p heavy-chain gene is normally highly stable. Our analysis of p expression in single
cells shows that deletion of this LCR resulted in variegated expression of the p gene. That is, in the absence
of the LCR, expression of the p gene in the recombinant locus could be found in either of two epigenetically
maintained, metastable states, in which transcription occurred either at the normal rate or not at all. In the
absence of the LCR, the on state had a half-life of ~100 cell divisions, while the half-life of the off state was
~40,000 cell divisions. For recombinants with an intact LCR, the half-life of the on state exceeded 50,000 cell
divisions. Our results thus indicate that the LCR increased the stability of the on state by at least 500-fold.

Most genes in complex, differentiated organisms, such as
metazoa, are expressed in a tissue-specific fashion, on in one
subset of cells and off in others. Tissue-specific gene expression
is initially established as cells in different environments are
subjected to different signals. The signals are each presumed to
induce the production of a distinct complement of transcrip-
tion factors, which are then directed by cis-acting elements to
activate or silence adjoining genes. The ontogenetic state of
cells is thus considered to reflect their past and present pro-
duction of trans-acting factors.

Much of our knowledge about gene expression in complex
organisms comes from studying the expression of transgenes,
DNA segments which have been introduced into animals or
cell lines. Early work revealed that the expression of chromo-
somally integrated transgenes varies greatly, and traditionally
this variability has been ascribed to the effects of the neigh-
boring genome. The variability in transgene expression has led
to the definition of locus control regions (LCRs) as elements
which render expression consistent, at least among cells which
are in the same ontogenetic state. Analyses of expression in
single cells revealed that the expression of transgenes which
lack the LCR is often variegated, i.e., cells which are presumed
to be in the same ontogenetic state differ in their expression of
the transgene (for a review, see reference 25). The variability in
transgene expression thus reflects variations in the fraction of
expressing cells. In many cases, transgenes which showed var-
iegated expression were found to have inserted near the cen-
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tromere (11, 26). The variegated expression of transgenes is
thus similar to position effect variegation in Drosophila mela-
nogaster, whereby events such as chromosomal translocations
move an endogenous gene into a heterochromatic region. Re-
peated DNA segments can themselves induce variegation (10,
14), and the variegated expression of transgenes can some-
times result from their insertion as a tandem array. Such ob-
servations have suggested that the LCR prevents variegation
by blocking the inhibitory effect of heterochromatin and other
repetitive-DNA-containing structures (25, 26).

Most genes are located in euchromatin, raising the question
of whether the LCR also serves to prevent the repression of
endogenous genes. The immunoglobulin heavy chain (IgH)
locus of the mouse contains an LCR which includes three
distinct elements in the major (VDJ-Cp) intron: the Ew core
enhancer, the matrix attachment regions (MARs) which flank
Ep, and the switch region (Sw) (13, 16, 37). A system in which
expression of the endogenous p heavy-chain gene of a mouse
hybridoma cell line depends on the integrity of this LCR has
been previously described (29, 43). The data in the present
analysis indicate that deletion of the LCR resulted in varie-
gated expression of the p gene. That is, in the absence of the
LCR, expression of the w gene in the recombinant locus could
exist in either of two epigenetically maintained, metastable
states, in which transcription occurred either at the normal rate
or not at all. We have measured the rates at which cells
switched between the on and off states. In the absence of the
LCR, the on state had a half-life of ~100 cell divisions, while
the half-life of the off state was ~40,000 cell divisions. Our
analysis of recombinants bearing an intact LCR indicated that
the LCR increased the stability of the on state by at least
500-fold.
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MATERIALS AND METHODS

Cell culture. Cells were grown in Dulbecco’s modified Eagle’s medium (high
glucose; GIBCO H21) supplemented with 13% enriched bovine calf serum
(Hyclone) and 3.5 X 107%% 2-mercaptoethanol (normal medium). MHX me-
dium (27) also contained the additional supplements 10 pg of mycophenolic acid,
15 pg of hypoxanthine, and 25 pg of xanthine per ml.

RNA analysis. For Northern blot analysis, 10 wg of cytoplasmic RNA (22) was
denatured with formamide and size fractionated on 1% agarose gels containing
formaldehyde; transfer to nylon membranes and probe preparation by random
priming were done according to standard procedures.

Plaque assay for IgM-secreting cells. We used the plaque assay to detect
IgM-secreting cells, as described previously (2). Hybridoma cells were plated in
the presence of hapten-coupled sheep erythrocytes in agarose and incubated at
37°C for 2 h. Then, guinea pig complement (Behring) was added, and the cells
were incubated further, until plaques formed around IgM-producing hybridoma
cells as regions of lysed erythrocytes. Plaque-forming cells were isolated and
purified as described previously (2).

Suicide selection for IgM-negative cells. The method used for the suicide
selection of p-deficient variants was described previously (9). Briefly, hybridoma
cells are coupled with trinitrobenzoylsulfate and incubated at limited density in
the presence of guinea pig serum as a source of complement. IgM preferentially
binds to the same cell that secretes it, thus resulting in the complement-depen-
dent lysis of the IgM-secreting cells. IgM-deficient cells survive this selection.

Flow cytometry. A total of 10° cells were washed twice in staining buffer (1%
bovine calf serum in phosphate-buffered saline) and then fixed in 4% parafor-
maldehyde (Sigma) for 20 min at 4°C. The cells were then washed twice in
permeabilization buffer (1% bovine calf serum in phosphate-buffered saline,
0.1% saponin [Sigma] [pH 7.4 to 7.6]) and resuspended in 100 pl of permeabi-
lization buffer containing 1 ug of fluorescein isothiocyanate-conjugated anti-IgM
or isotype-matched anti-IgG2b antibodies (PharMingen; clones R6-60.2 and
R12-3, respectively) for 30 min at 4°C. The cells were washed once in perme-
abilization buffer and once in staining buffer. The cells were then resuspended in
staining buffer and analyzed by flow cytometry. Data were analyzed with
CellQuest software.

Calculations. To describe the dynamics of a population of cells which can
switch between positive and negative states, we consider that the rate of change
in the number of positive cells (P) and the number of negative cells (N) over time
() can be described in mathematical terms as follows:

dPldt = aN — BP + P
dN/dt = BP — aN + yN

where a and B are the transition rates for the conversion of negative to positive
cells and positive to negative cells, respectively, and vy is the growth rate of the
cells and corresponds to a doubling time of approximately 18 h. Solving this
system gives

P(t) = [1/(a + B)[a(Py + NoJe + (BPy — aNgJe ™~ 1] 1)
N(@®) = [H(e + BIBPy + NoJe¥ = (BPy — alNgle™ = %] ()

where P, and N, are the number of positive and negative cells at time zero.

When cultures are derived from subclones and time is measured from the
moment of subcloning, these equations simplify. In this case, a subclone must
start from either a positive or a negative cell. Thus,

PO = [/l + B[l —e 9]
for a culture starting from a negative cell, i.e., Ny = 1 and P, = 0, and
N() = [B/(a + B)]e"[1 — e P1]

for a culture starting from a positive cell, i.e., P, = 1 and Ny = 0. In these cases,
the total number of cells is e, so p, the fraction of positive cells, and n, the
fraction of negative cells, are given by

p=la/la+B)J1—e "]
n=[B/la+ B[l —e P
The solution of this system for a and B as a function of p, n, and # is
a=(—1np/p +n)n(l —p —n)
B =(=10[n/p +n)ln(l - p —n)
For p << n, then a = (—1/t)(p/n)In(1 — n) and B = (—1/H)In(1 — n).
As described in the text and shown in Fig. 5, we also calculated B for bulk
cultures under circumstances in which Bt << 1 and o << B. In this case, equation

2 simplifies to P/P, = (p/p,) = ¢~ P, where p,, is the initial fraction of positive cells
and, as above, p is the fraction of positive cells at .

MoL. CELL. BIOL.

RESULTS

Expression of the p heavy-chain gene is variegated in re-
combinants that lack the LCR. The structure of the functional
(rearranged) IgH locus is shown in Fig. 1A. As noted in the
introduction, uniform, high-level expression of IgH-derived
transgenes in mice requires three elements in the major (VDJ-
Cp) intron: Ep, the MARs which flank Ep, and Sp (13, 16,
37). These elements thus comprise part or all of an LCR. In
order to study the molecular requirements for IgH expression
in a permanent, cloned cell line, we used a system based on the
mouse hybridoma, Sp6, which bears a single copy of the en-
dogenous immunoglobulin p heavy-chain gene and produces
IgM that is specific for the hapten trinitrophenol (TNP). In
previous studies (29, 43), various targeted recombinants of the
Sp6 cell line that lacked one or more of the elements Ep. (E),
MARs (M), or Sp. (S) (Fig. 1B) were constructed and analyzed.
To facilitate recovery of the targeted recombinants, the target-
ing vector included the gpt gene of Escherichia coli, which
allows cells to utilize xanthine and thus to grow in medium
containing xanthine and mycophenolic acid (such as MHX
medium) (27). Expression of the p gene in these targeted
recombinants depends on elements in the VDJ-Cu intron.
That is, while expression of the w gene was normal in the
E*M"'S" recombinants, w expression in the E"TM ™S~ recom-
binant hybridoma cell lines was greatly reduced, and this ex-
pression varied significantly among independent E"M™S™ re-
combinants (29, 43).

We initially compared expression of the p gene in E"M*S™
and E"M ™S recombinants. In each case, we examined mul-
tiple independent recombinants. Independent recombinants
are designated by the isolate number, e.g, ETM S 3 and
E"M S 44 denote two independently generated recombi-
nants, 3 and 44, lacking the MAR-Ep-MAR-Su segment; spe-
cific subclones of these recombinants are then designated by
appended numbers, e.g., E-M™S744-10-119. To test whether
deletion of the MAR-Ep-MAR-Sp segment resulted in the
variegated expression of the . gene, we examined p expression
in single cells by using a fluorescent p-specific antibody to label
intracellular p chains and then analyzing the cells by flow
cytometry (Fig. 2). To standardize this analysis, we used two
cell lines, the parental hybridoma (Sp6) and a mutant deriva-
tive of Sp6 that has the p gene deleted (X10). The mean
fluorescence intensity of the Sp6 cells with the p-specific anti-
body was ~20-fold higher than with an isotype-matched con-
trol (Fig. 2A). The w.-deleted cell line, X10, gave the same low,
background-level signal with the p.-specific antibody as with the
isotype-matched control (Fig. 2A). In the case of the wild-type
E*M*S™" recombinants, the populations were homogeneous
and contained the normal level of IgM (Fig. 2B). By contrast,
the ETM ™S~ recombinants had heterogeneous populations:
some cells stained at the normal level and some stained at the
level of the p-deleted mutant (Fig. 2C).

Positive and negative cells can interconvert. Our finding that
the ETM™ S~ recombinant cells occurred in two populations
with the staining intensity of the wild-type and p.-deleted con-
trols suggested that transcription in these cells was bimodal,
with cells positive or negative for p expression. The fact that
these cells had been subcloned several times also suggested
that positive and negative cells could interconvert. Considering
that . mRNA is stable for >15 h (15) and that the recombi-
nant hybridoma cells have a doubling time of ~18 h, the
presence of two distinct peaks in the flow cytometry analysis
suggested that the positive and negative transcriptional states
were stable for at least several cell doublings. We tested these
interpretations by examining the properties of subclones of the
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FIG. 1. p expression in targeted recombinants. (A) Structure of the IgH locus. V, exons encoding the variable regions; C, exons encoding the constant regions; M,
MARSs; S, Sp.. The promoter of the VDJ-Cp transcription unit is indicated by the arrow. (B) Targeted recombinants used in this study. These recombinants were
described previously (29, 43), and their structure and average level of w mRNA are indicated.

E "M S recombinants. We envisaged that any particular sub-
clone must start from either a positive or a negative cell. If
positive and negative transcriptional states persisted over sev-
eral generations, independent subclones should vary greatly in
the fractions of positive and negative cells, if the subclones are
observed long before reaching equilibrium. As illustrated in
Fig. 3A, we readily obtained subclones which differed greatly in
the fraction of positive cells.

Among the subclones obtained were some with mostly pos-

itive (88%) or mostly negative (>99%) cells (e.g., subclones
E "M S 44-10-119 and E- M S 44-3-28, respectively) (Fig.
3A). We have also used these highly biased subclones to test
whether cells could switch between positive and negative
states. First, we found that cultures of mostly positive cells and
cultures of mostly negative cells grew at the same rate and that
resubcloning these cultures yielded colonies at the same high
rates of efficiency (data not shown). These observations indi-
cated that growth rate and cloning efficiency were the same for
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FIG. 2. p expression in recombinant cell lines as analyzed by flow cytometry. For each of the indicated cell lines, the cells were fixed, stained with fluorescein
isothiocyanate-labeled rat monoclonal IgG2b specific for the Cpn2 domain of mouse IgM or another IgG2b as an isotype-matched control, and analyzed by flow
cytometry. Fluorescence intensity is plotted on the horizontal axis, while the number of cells is plotted on the vertical axis.
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FIG. 3. Persistent variegated p expression in the ETM™S™ recombinant. (A)
Flow cytometry of subclones. The E"M~S™44 recombinant was subcloned,
B E-M-S- subclones yielding subclones 44-2, 44-10, and 44-3, which were analyzed by flow cytometry.
o = 1 These subclones were in turn resubcloned to obtain the indicated resubclones,
F oo a~2 83 which were analyzed by flow cytometry and for w mRNA (B). These resubclones
N S S N = = o= = ! ; -
- + =T = LS 2 were also used to obtain further resubclones as noted in the text and Fig. 4 and
ol E YT 3o 6. (B) Analysis of w mRNA by Northern blot. Aliquots of the same culture were
®own R ¥ IF IS used to extract cytoplasmic RNA and for analysis by flow cytometry and the
plaque-forming cell assay. RNA was isolated from the indicated subclones of the
E"M S 744-2 and E"M ™S 44-10 recombinants and analyzed by Northern blot
Cuy —» ” L m u with a probe specific for the Cp3 and Cp4 domains and actin (43). The amount
bl of - and actin-specific RNA was measured by PhosphorImager analysis. The
: relative percentages of mRNA given below the blot were calculated by subtract-
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the Sp6 band. Cells were analyzed by flow cytometry as described in the legend
to Fig. 2 and in Materials and Methods. For the plaque-forming cell assay, cells
I RNA ; ' 4 were plated in the presence of hapten-coupled sheep erythrocytes and comple-
S laem b 10202 5 2] RG 66 L1756 8 9 ment, as described in Materials and Methods. The frequency of plaque-forming
% positive cellsby FACS o 99 100 0.2 38 03 47 76 66 2 41 cells was corrected for the efficiency of plaque-forming cells (~40%), which was
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%plaque formingcells 0 100 ND 0.1 30 0 32 46 31 04 10 fluorescence-activated cell sorter.
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TABLE 1. Measurement of transition rates by resubclone analysis

Subclone type and No. of No. of days Fraction of cells Transition rate (per cell-day)
. . subclones in culture
recombinant (medium) analyzed after plating Highest Lowest Median [ B

Mostly negative” Positive
E"M~S 44 (MHX) 10 21 3.1x1073 31x10°° 24x107* 12x107°
E"M"S"6 (MHX) 5 26 6.0 x107* <14 x107* 35x10°4 1.5x 1072

Mostly positive” Negative
E"M~S™44 (MHX) 10 28 4.4 x 107! 2.6 X102 8.1x10°2 3.0x10°°
E"M~S 44 (NM) 8 25 35x 107! <1.0x 1072 1.0x 107! 42 %1073
E"M S 6 (MHX) 7 27 4.6 x 10! 28 %1072 1.9 107! 7.8 %1073
E*M*S*1 (MHX) 10 28 <1.0x 102 <29x1073 <1.0 X102 <3.6x 1074
E*M*'S"1 (NM) 10 23 <1.0 X 1072 <1.0x 1072 <1.0 X 1072 <44 x107*

“ Mostly negative subclones of ETM ™S 44 and E"M~S™ 6 were resubcloned in MHX medium and allowed to grow for the indicated time in culture. The resubclones
were then assayed for plaque-forming cells to determine the fraction of positive cells. The plaque-forming efficiency of positive cells (usually ~40%) was determined
by plating ~200 Sp6 cells, which constituted a homogeneously positive population. The median values were used to calculate transition rate, a, the rate at which negative

cells become positive, as described in Materials and Methods.

® Mostly positive subclones of the E"M~S™44 and E"M~S™6 recombinants were resubcloned in either normal medium (NM) or MHX-containing medium and
allowed to grow for the indicated number of days. The resubclones were then assayed for negative cells by flow cytometry. The median values were used to calculate
the transition rate, B, the rate at which positive cells become negative, as described in Materials and Methods.

positive and negative cells. We resubcloned these nearly ho-
mogeneous colonies with the view that the resubclones derived
from E"M™S744-10-119 were very likely to have arisen from a
positive cell, while the resubclones derived from E"M ™S~ 44-
3-28 were very likely to have originated from a negative cell.
We then examined 10 resubclones of each of these two sub-
clones to measure the frequency of switched cells (Table 1 and
Fig. 4A). In the case of resubclones arising from positive cells
(Fig. 4A), negative cells were sufficiently numerous to be de-
tected by flow cytometry. In the case of resubclones arising
from negative cells, positive cells were too rare to detect in this
way. In this case, we took advantage of the fact that positive
cells secrete IgM, and we assayed positive cells by their capac-
ity to produce plaques on TNP-coupled erythrocytes (Table 1).
Each of the 10 resubclones derived from the highly positive
subclone E"M ™S 44-10-119 contained negative cells (Fig. 4A;
Table 1), and likewise each of the 10 resubclones derived from
the negative subclone E"M™ S 44-3-28 contained positive
cells (Table 1). Taken together, these results indicate that cells
can switch between the positive and negative states.

Positive and negative staining corresponds to positive and
negative transcriptional states. The high variability among in-
dependent subclones allowed us to ascertain the level of
mRNA in positive and negative cells. Thus, for some of the
E "M S 44 subclones illustrated in Fig. 3A, we measured the
steady-state w mRNA levels and the fraction of positive cells,
as assessed either by flow cytometry or by their capacity to
form plaques in an IgM-complement-dependent lysis assay
(Fig. 3B). For all clones analyzed, the relative fraction of w
mRNA produced by the culture correlated closely with the
fraction of positive cells (Fig. 3B). This correlation is con-
sistent with a model in which positive cells contained the same
amount of . mRNA as wild-type recombinants, while negative
cells had none (<2% of normal p. mRNA). It has previously
been shown with nuclear run-on experiments that the reduced
level of p. mRNA in the E"TM™S™ recombinants reflects re-
duced transcription (29). Our observation that the cells were
bimodal in their . mRNA content thus indicates that the cells
were bimodal for transcription.

Rate of switching between the positive and negative states in
E™M™S™ recombinants. Our finding that cells could switch
between positive and negative states suggested that these tran-

sitions might occur at characteristic rates and that the relative
number of positive and negative cells at equilibrium would
correspond to the ratio of these rates (Fig. 5SA). In analyzing
these experiments, we assumed that the probability of a cell
switching from one state to the other is a constant throughout
the lifetime of the cultures. As noted above, positive and neg-
ative cells grew at the same rate. On this basis, we derived the
formulas (see “Calculations” in Materials and Methods) relat-
ing the fraction of positive and negative cells and the transition
rates. In these formulations, time is expressed in days but could
as well be expressed in cell divisions (1 cell division = ~0.7
day).

To measure «, the rate at which cells switch from the neg-
ative to the positive state, we used subclones which were com-
posed of nearly all negative cells and resubcloned them (Fig. 5;
Table 1). Under these circumstances, nearly all resubclones
arose from negative cells, and the frequency of positive cells in
these resubclones was then a measure of switching from the
negative to the positive state. In this case, the frequency of
positive cells was uniformly very low, so we measured their
frequency by the number of plaque-forming cells (Table 1),
using the median value as the best simple measurement to
estimate the number of transitions (23). Our results for two
independently generated recombinants, E"M S 44 and
E M S 6, indicated values for o of 1.2 X 107> and 1.3 X
10~3/day, respectively.

Using a similar approach to measure (B, the rate of switching
from the positive to the negative state, we resubcloned a mostly
positive subclone and then measured the frequency of negative
cells in the resubclones by flow cytometry (Fig. 4). We again
measured this rate for two independently generated recombi-
nants, ETM~S 44 and E"M~ S~ 6. However, in the case of the
E~"M™ S 65 recombinant, extensive subcloning did not yield a
subclone with a sufficiently high fraction of positive cells for
this type of analysis. As illustrated for the E"M ™S~ 44 recom-
binant (Fig. 4A), we found that some resubclones were clearly
divided into positive and negative populations, while others
appeared to contain some cells with an intermediate level of
IgM, as judged by the asymmetry of the peak. Intermediate
levels of expression might correspond to cells which had only
recently extinguished expression of the w gene and therefore
contained an intermediate level of w mRNA, reflecting the
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FIG. 4. Measurement of transition rates for ETM~S™ and E*M™S™ recombinants by subcloning method. (A) The E"M~S™44-10-119-34 subclone of the
E~M™S744 recombinant was resubcloned and cultured for 3 to 4 weeks in either normal (NM) or MHX-containing medium. These cultures were then analyzed by
flow cytometry. The fraction of negative cells is indicated in each panel. As described in the text, the asymmetry of the labeled peaks suggested that many transitions had
occurred recently and should be included in the population of negative cells. In these cases, to estimate the negative population we assumed that the peak of positive
cells was symmetrical and set a gate to count the right half of the peak. This fraction was multiplied by 2 to obtain the fraction of positive cells. This value was then sub-
tracted from 100% to estimate the fraction of negative cells. (B) Subclones of the E¥*M ™S~ 18 recombinant were analyzed by flow cytometry as described above (A).

effects of dilution and decay. Accordingly, we counted such
cells as negative; the significance of the seemingly large frac-
tion of recently extinguished cells is considered further in the
Discussion. As summarized in Table 1, our measurements for
two recombinants, E"M~S"44 and E"M~S"6, yielded esti-
mates of 3 which ranged from ~3 X 1073 to ~8 X 10~ 3/day,
with an average of ~5 X 107 %/day.

To test whether passage through the negative state detect-
ably altered the positive state, we isolated a plaque-forming
cell from a mostly negative subclone and purified it by repeated
plaque picking and limiting-dilution subcloning (44-3-28-57p in
Fig. 3A). The resulting colony had approximately 50% nega-
tive cells, a fraction similar to that of a subclone, such as
E~"M™S"44-10-119, that was grown in culture for a compara-
ble amount of time (63 days).

The apparent rate at which cells switched from positive to
negative was not affected by selection for the expression of the
adjoining gpt gene, i.e., the apparent rate was the same for cells
which were grown in normal medium and in MHX-containing
medium (Table 1; Fig. 4). In fact, direct measurement of the
frequency of thioxanthine-resistant colonies indicated that the
rate at which cells extinguish the gpt gene is <10~ %/cell gen-
eration. The gpr gene thus appears to be >10*-fold more stable
than the adjoining p gene, although both lie within the IgH
locus. These results are consistent with earlier findings that a
population of cells which had only ~4% of the normal level of
. mRNA had normal or even higher-than-normal levels of gpt
mRNA (29).

We used a related method to estimate the rate of positive-

to-negative switches in bulk cultures. In this case, we took
subclones with mostly positive cells and measured how this
fraction decreased over time (Fig. 6). As presented in Table 2,
these results show that B ranged from 4 X 10 % to 3 X 10~ %
day for the EEM™S™3, EM™S™ 6, and E-M ™S 44 recombi-
nants and was thus somewhat higher than the estimate of 5 X
103/day derived from measuring switches during the out-
growth of individual subclones.

1L expression is stable in recombinants which bear the core
enhancer. Several results indicate that the Ew core enhanc-
er alone is sufficient to render p expression stably positive
in the recombinant IgH locus. First, as shown for the two
E*M*S" recombinants in Fig. 2, the three E"M*S™ and
three EYM ™S~ recombinants which we examined were each
homogeneous by flow cytometry (data not shown). To further
assess the homogeneity of Ep-containing recombinants,
we examined 20 subclones of both the EYM~S718 and the
E"M" S 44 recombinants; in each case, 10 were grown in
normal medium and 10 were grown in MHX medium.
Whereas substantial populations of negative cells were evident
in nearly all subclones of the E"M™S™ 44 recombinant after
~30 days in culture (Fig. 4A), all subclones of the E*YM S 18
recombinant were homogeneously positive (Fig. 4B). Recon-
struction experiments indicated that we would have detected
negative cells, if >1% of the population had corresponded to
fully negative cells. These results thus indicate that for the
E*M™S™ recombinant, § was <4 X 10~ */day.

In order to increase the sensitivity of detecting negative cells,
we used the suicide selection procedure to selectively kill pos-
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FIG. 5. Schematic diagram of measurement of transition rates. See text for explanation.

itive cells (9). In this procedure, cells are coupled with the
hapten TNP and then allowed to secrete IgM in the presence
of complement. Under conditions in which cells are incubated
at low density, IgM binds preferentially to the same cell from
which it was secreted and not to other cells, thus rendering that
cell sensitive to complement-mediated lysis. We used recon-
struction experiments to assess the power of this procedure to
enrich for negative cells, i.e., we prepared mixtures of the
E*"M™ S~ recombinant with different amounts of the p-deleted
mutant, X10, and compared the fraction of negative cells be-
fore and after the suicide selection. As shown in Fig. 7, this
procedure enriched the mixture ~100 fold for w-negative
cells. After application of this enrichment protocol to a pure
culture of subclones of the E*M~S718 and E*M ™S 66
recombinants, the frequency of negative cells was 5 and 4%,
respectively. Assuming that this procedure enriched the mix-
ture ~100 fold as in the reconstruction experiment, these values
imply that negative cells comprised ~0.05 and ~0.04% of the
cells in the E*M~S™ 18 and E*M ™S~ 66 recombinants, respec-
tively. Because the population of p-negative cells is expected to
include some cells with a mutation in the p gene (9), this
fraction defines an upper limit to the frequency of epigenetically
w-negative cells. Considering that these cultures had grown in
normal medium for ~40 days prior to enrichment, these results
imply that 8 was <10~>/day. Thus, the inclusion of Ey. increased
the stability of the positive state by >500-fold. A similar analysis
applied to a EYM"S™ recombinant yielded a comparable esti-
mate of stability, i.e.,  was <4 X 10~ %/day.

DISCUSSION

Switching between states involves an epigenetic change. The
MAR-Ep-MAR-Sp segment of the mouse IgH locus is part of
an LCR, in that inclusion of this segment is required for the

uniform high-level expression of IgH-derived transgenes (13,
16, 37). As shown here, the effect of deleting these elements
from the endogenous IgH locus of a hybridoma cell line is to
render p expression metastable. That is, E*M*S™" recom-
binants expressed the p gene uniformly and stably, while
E"M™S™ recombinants which lacked this segment switched
between states in which p expression was fully on (positive)
and fully off (negative). This dynamic state implies that expres-
sion cannot be characterized simply by measuring the rate of
transcription. For this reason, we sought to describe expression
by measuring the rates at which cells switched between the
positive and negative states. In the simplest case of this type,
cells would be of only two types, positive and negative, with a
characteristic and unvarying rate of switching. Our analysis
indicated that the E"M™S™ recombinants switch from the
positive to the negative state at a rate of ~5 X 10~ %/day, while
the reverse switch, from negative to positive, occurred at a rate
of ~1.2 X 10~>/day. Although we do not know whether the
switches occur as a function of time or cell division, it is inter-
esting that the value of B, 5 X 10 >/day, corresponds to a
half-life for the positive state of ~100 cell divisions and that
the value of o, 1.2 X 10~>/day, corresponds to a half-life for the
negative state of 40,000 cell divisions.

In this metastable system, the fraction of positive cells at
equilibrium should correspond to the ratio «/B, or 0.2%. This
fraction is consistent with previous reports that E-M™S™ re-
combinants generally have very little w mRNA (29, 43). Nev-
ertheless, these rates might not be a sufficient descriptor, i.e.,
states with higher transition rates might also occur. As noted in
Results, the flow cytometry profiles suggest that, for some
subclones, many cells have an intermediate level of w mRNA,
as if they had recently extinguished p expression. This obser-
vation suggests that there might be two types of positive cells,
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FIG. 6. Alternative measurement of transition rates for E"M ™S~ recombinant. Various subclones of independent E"M ™S~ recombinants were analyzed by flow
cytometry at successive times during a 20- to 30-day interval and the fraction of positive cells, p, was determined for each time point. (A) The results for one particular
recombinant, ETM™S744-10-123, are shown. (B) The results of measuring subclones of the indicated recombinants are shown. The values for p, divided by the value
for pg (the value for time zero) were plotted and fitted to a straight line. The calculated slopes were then used to estimate the rate of switching from the positive to

negative state, as described in Table 2.

a relatively unstable type for which the half-life is ~1 month
and another more stable type which yields negative cells only
after first converting to the former, unstable type of positive
cell. It is possible that the repeated subcloning, which we used
to derive the predominantly positive cultures for measuring
transition rates, selected relatively stable variants. Conse-
quently, our analysis might have underestimated the transition
rates of the unstable positive cells.

Even though this repetitive subcloning method tends to un-
derestimate transition rates, the rates of switching for the
E "M S recombinants from positive to negative and from
negative to positive were much higher than normal mutation
rates. In particular, the corresponding mutation rates for the
gene in this cell line were 10 ° per cell generation from p* to
w~ and <10~ per cell generation for reversion from = to ™
(9). The high rates argue that the switch between positive and
negative states in the E"M ™S~ recombinants has an epige-
netic cause. The interconverting positive and negative states
are thus similar to epiphenotypes of Schizosaccharomyces
pombe (17) and reminiscent of the phenomenon of phenotypic
switching in another yeast, Candida albicans (38).

Previous analyses have indicated that the MAR-Ep-MAR
segment is required to maintain the expression of IgH-derived
transgenes in pre-B-cell lines (19, 34). In one case, this seg-
ment was excised only a few weeks before expression was
measured, but nevertheless excision resulted in <1% residual
expression (34). By comparison, >50% of the E- M~ S™ re-
combinant hybridoma cells were usually still positive after the
same interval. Several explanations might account for this dif-
ference. (i) The pre-B and hybridoma cells might differ in
crucial frans-acting factors. (ii) The endogenous IgH locus of

our recombinant hybridoma cells might contain an element
which helps maintain IgH expression but was missing from the
transgenes tested in the pre-B-cell lines. (iii) Transgene ex-
pression might have been extinguished by an extraneous com-
ponent of the transgene, e.g., the neo cassette, which has been
implicated in other cases of gene silencing (1, 8, 12, 21, 31, 33).

TABLE 2. Measurement of transition rates in bulk cultures®

Recombinant

and subclone B (per cell-day)

E"M S 44

E"M~S73
o2t st 1.6 X 1072
Lo ee st 9.6 X 1073
E"M~S76
5 OO 41%x1073
L2ttt 1.1 X 1072

“The data shown in Fig. 6B, which plots p/p, as a function of time in culture
for the subclones of the ETM™S744, E"M ™S~ 3, and E"M ™S 6 recombinants,
were used to calculate 3, the rate at which positive cells switched to the negative
state. For each of the indicated subclones, the best-fitting straight line was
approximated to the data. § was then calculated according to the formula Bt =

In(p/po).
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FIG. 7. Use of the suicide selection to estimate numbers of negative cells in
the EYM™S™ recombinant. (A) To estimate how much the suicide selection
enriches for negative cells, a culture was prepared by mixing a small amount of
the p-deleted cell line (X10) with a subclone of the EYM~S™18 recombinant.
This culture was divided in two parts. One part was untreated (left) while the
other (right) was subjected to the suicide selection. The cells were then cultured
for several days and analyzed by flow cytometry. The fraction of negative cells is
indicated. Enrichment was calculated as the ratio (1/n,,) X (1/p,), where n,, is the
fraction of negative cells before enrichment and p,, is the fraction of positive cells
after enrichment. (B) A subclone of the E*M™S™18 recombinant was subjected to
the suicide selection. The fraction of negative cells is indicated.

Role of the LCR in transcription of the p gene. The rate at
which the E"M™S™ recombinant switched from the positive to
the negative state was at least 500-fold higher than in the case
of the EYM™S™ and E"M~S™ recombinants, indicating that at
least one role of the core enhancer in this LCR is to stabilize
. expression in the on state. The presence of Ep might impede
transitions from the positive to negative state, or it might be
that transitions occur but the presence of Ep allows transcrip-
tion to reinitiate efficiently. Although the MARs and Sy are
also components of the LCR, these elements were not needed
to maintain p expression in the recombinant hybridoma cells.
This discrepancy also invites two explanations. One explana-
tion postulates that the requirements for initiating transcrip-
tion are different from the requirements for maintaining tran-
scription. Thus, En, the MARs, and S might all be needed to
initiate expression, but only Ew is needed to maintain it. Al-
ternatively, the IgH locus might include other functionally
equivalent elements which collaborate with Ep to generate a
functional LCR in the absence of the MARs and Sp (29, 30).
Analyses of knockout mice lacking components of this LCR
provide independent evidence that the MARs are redundant in
the natural locus (8, 36).

Two hypotheses suggesting how LCRs and other distal ele-
ments might activate expression have been set forth. One hy-
pothesis, which was proposed to explain how the enhancer of
the SV40 virus (simian vaculating virus) increased the fre-
quency of expressing cells, is that gene expression occurs when
chromatin is in an active, accessible state and that transcrip-
tional activators increase the probability of forming and/or
maintaining this state (42). Enhancers derived from the B-glo-
bin and metallothionine loci and MARs from the human in-
terferon -y locus also appear to act in this fashion (5, 6, 24, 39).
As well, this mode of action is supported by in vitro studies of
enhancers from the T-cell receptor a- and B-globin genes (3,
4). Transcriptional activators of various types, operating in
conjunction with RNA polymerases I and IIT as well as RNA
polymerase II, have been found to increase the probability that
a gene is active without greatly altering the rate of transcription
of those active genes (for a review, see references 32 and 40).
Our finding, that the active and inactive states of p expression

VARIEGATED EXPRESSION OF THE IgH LOCUS 7039

are metastable in the absence of the LCR, correlates well with
this model. The stability of the positive state which we have
found for the E"M™S™ recombinants is generally similar to
that observed for enhancer-deficient transgenes, i.e., the me-
dian rate for the positive to negative switch in transgene ex-
pression ranged from 0.1 to 0.01/day, although much higher
and lower rates were also observed for these transgenes (24,
40). In contrast to our findings for the w gene in the recombi-
nant IgH locus, the silenced transgenes were not generally
capable of re-expression.

Another view of LCR function, developed in part to account
for competition between genes of the B-globin locus, is that the
LCR interacts intimately with the transcription unit and that
the level of expression reflects the frequency of this interaction
(for a review, see reference 18). Because expression of the
individual genes in the B-globin locus persists for only ~8 min,
this model implies that the effects of the LCR are short lived.
In the simplest case, our finding that p expression in the IgH
locus continues for many weeks in the absence of the LCR is
incompatible with this model. However, as noted above, one
possibility is that the IgH locus contains another element which
is independent of the intronic LCR and can maintain and
occasionally reinitiate transcription of the p gene.

Regulation of transcription in the absence of the enhancer.
The intronic IgH enhancer was originally detected because it
activates the expression of transgenes in B cells. However, this
enhancer can also extinguish expression in non-B cells (41, 45).
The function of the enhancer is therefore determined by the
available frans-acting factors and by the epigenetic state of the
genes for these factors. In the case of the enhancer-deficient
(E"M"S") recombinants, we do not know whether the pri-
mary epigenetic determinant of the positive and negative states
of p expression lies in the IgH locus itself or in some other
locus encoding a factor which acts on w in frans. To give an
example of the latter possibility, transcription of the E-M~S™
. gene might require an additional factor which is not needed
to transcribe the intact w gene, and transitions between the
positive and negative states of w transcription might then re-
flect changes in the expression of this factor. In the case of
homozygous mice bearing diploid transgenes, each transgene
was expressed independently of the other, thus showing that
variegation was not due to changes in the expression of a
trans-acting factor (11, 26). We have undertaken related ex-
periments to generate hybridoma cells with two copies of the
E"M™S™ recombinant IgH loci to test whether the two p
genes are expressed independently or coordinately and so in-
dicate whether the primary epigenetic determinant lies in the
IgH or another locus.

Several mechanisms have been proposed to explain how epi-
genetic states might be propagated. One class of mechanisms is
based on the possibility that the methylation of cytosine (in
CpG) can extinguish expression. In this case, the epigenetic
determinant corresponds to methylation or demethylation
which is introduced de novo, either spontaneously or following
externally derived signals. Inheritance is then achieved by the
strong preference of maintenance methylases for hemimethy-
lated sites (35). Other models propose that the epigenetic
determinant corresponds to deacetylation or acetylation of hi-
stones, which decreases or increases the accessibility of genes
in chromatin, thus regulating transcription. In this case, epige-
netic inheritance might be achieved by a mechanism which
restricts the availability of newly replicated DNA and deacety-
lated histones to the same time or place (7, 44). The recent
finding that transcriptional repression by a methyl-CpG bind-
ing protein involves a histone deacetylase offers a specific
vision of how control by cytosine methylation and control by



7040 RONAI ET AL.

nucleosome structure might be related (20, 28). Any of these
models could potentially account for the metastable states of
expression. As noted above, the epigenetic determinant which
distinguishes the positive and negative states of expression
might be in the IgH locus itself, and if so, biochemical com-
parisons of the IgH locus in positive and negative cells might
directly reveal the primary basis of this form of epigenetic
inheritance.
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