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Direct and Indirect Mechanisms of
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Expression of tissue-specific genes can be altered upon fusion of mammalian cells of different types. To
resolve the genetic basis of this phenomenon and to identify components of the regulatory circuits that are
involved, we have established a series of somatic cell hybrids between mouse T cells and L cells. These
hybrids have an unusual and interesting phenotype. Unlike many hybrid cells studied, in which the
expression of an entire set of tissue-specific genes was coordinately extinguished, inour T X L-cell hybrids
only two out of seven T-cell-restricted genes were completely extinguished, whereas the other genes were
repressed to various degrees. These hybrids extinguish the production of TCRS and Thy-1 mRNA, repress
the expression of TCRa, GATA-3, TCF-1, and LEF-1 genes to different extents, exhibit small changes in
the level of CD3-¢ mRNA, and continue to express the fibroblast-specific fibronectin gene, and the ets-1
gene. In this study we have evaluated for the first time the molecular mechanisms that underlie the
repression of TCR« and TCR§ chain genesin T x L-cell hybrids. We have shown that multiple repression
mechanisms, both direct and indirect, contribute to TCRa and TCRS suppression. Repression of the
expression of these genes correlated not only with the downregulation of GATA-3, TCF-1, and LEF-1
transcription factor expression, and with a change in the chromatin structure, but more importantly, with
the activation of the silencer activity. Our study provides evidence for the existence of at least two
negatively regulating elements, located at the TCRa enhancer-containing fragment and at the silencer
region, which are active in our hybrid cells. We have shown that there was no correlation between the
levels of GATA-3, TCF-1, and LEF-1 expression versus the level of TCRe mRNA in the independent
hybrids. In contrast, both the silencer activity and the ability of the TCR« enhancer to downregulate
thymidine kinase (TK) promoter activity were found to be in an inverse correlation with the ability of the
different hybrid cells to express TCRae mRNA.

Hybrid cells Negative regulation Silencer TCR«a TCRpB

THE existence of a generalized system of gene re- among various cell types. Both positive and nega-
pression has been proposed to account for the fact tive modes of control are required to establish and
that only a small fraction of a given cell’s potential maintain these functional differences. Positive
repertoire of genes is ever expressed. One of the regulation is exerted by the promoter and en-
remarkable features of tissue-specific gene expres- hancer elements [reviewed in (33,46)], whereas
sion is the magnitude of differential activity negative regulation may be mediated through si-
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lencers, which are likely to be as important as en-
hancers in establishing lineage-specific gene ex-
pression [reviewed in (34)].

One approach to further elucidate the regula-
tory circuits that operate in repression of gene ex-
pression is that of somatic cell hybrids. Hybrid
cells formed by fusing two distinctly different cell
types generally fail to express the tissue-specific
products of the parent cells, a phenomenon
termed extinction. Extinction has been observed
in both intra- and interspecies crosses and occurs
in both heterokaryons and proliferating hybrid
cells [reviewed in 6,25)].

One of the best studied biological system of cel-
lular differentiation is T-cell development
(12,39,40). This system provides several experi-
mental advantages. First, T-cell differentiation in-
volves the timely expression of different and well-
characterized T-cell markers, such as the T-cell
receptor (TCR)/CD3 complex of proteins. Sec-
ond, the genes coding for these T-cell markers
have been cloned and characterized. Third, ex-
pression of these genes is controlled by different
regulatory elements (i.e., enhancers and silencers),
of which some have been studied in detail. Identi-
fication of the T-cell-specific genes that undergo
extinction in somatic cell hybrids and the subse-
quent identification of the target sequences that
are involved in this suppression are crucial steps
toward understanding the mechanism of negative
regulation.

In the present study we have established somatic
cell hybrids between a mouse T-cell line (BW5147)
expressing the TCRB, TCRa, Thy-1, and the
CD3-¢ T-cell-specific markers, and a mouse con-
nective tissue-derived cell line (L cells), which is
negative for these markers. Unlike many other so-
matic cell hybrids (11,43), these hybrids do not
extinguish a whole set of differentiation specific
traits, thus revealing an unusual phenotype. These
T x L-cell hybrids express the ets-1 and fibronec-
tin genes, extinguish the production of TCR3 and
Thy-1 mRNAs, inhibit TCRae GATA-3, LEF-1,
and TCF-1 expression to various degrees, and ex-
hibit a small apparent effect on the level of CD3-¢
mRNA. In addition, we show that the TCRS and
TCRa enhancers linked to a heterologous reporter
gene are targets for downregulation in the parental
L cells and hybrid cells but not in the parent T-cell
line. Moreover, we find that the TCRa enhancer
downregulates the basal activity of the TK pro-
moter. We have shown that changes in the chro-
matin structure of the TCRB enhancer region and
in expression of cellular frans-acting factors such
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as the GATA-3, LEF-1, and TCF-1 activators,
participate in suppression of TCRa/f expression.
Interestingly, the induction of the TCRa« silencer
activity also contributes to the inability of the
hybrid cells to generate high levels of TCR« tran-
scripts. Thus, like transcriptional activation, tran-
scriptional repression of a gene is achieved
through multiple, nonoverlapping molecular
mechanisms.

MATERIALS AND METHODS
Cell Fusion

A 6-thioguanine-resistant subclone of the T-cell
line BWS5147 was fused with BUDR resistant
(TK™) L cells (a connective tissue-derived cell
line), by using 50% polyethylene glycol (15).

Cytogenetic Analysis

The cells were arrested by incubation for 30
min in the presence of 0.1 ug/ml colcemide
(Gibco) and metaphase arrested cells were pre-
pared (16).

DNA and RNA Blot Analysis

Genomic DNA was prepared, digested with re-
striction enzymes, electrophoresed on 1% agarose
gels, and transferred to Nytran nylon membranes
(Schleicher and Schull). Hybridization was per-
formed with a random primer-labeled TCR-J3
probe [1.8 kb BamHI/EcoRI fragment from puc-
8-Jbg (38)].

Total RNA and poly(A)* RNA were prepared,
subjected to electrophoresis through a formalde-
hyde-containing 1% agarose gel, and transferred
to Nytran filters. Hybridizations were performed
with the following cDNA sequences, which were
labeled with [a-*P]dCTP using a random priming
kit (Amersham): fibronectin [a 0.5-kb EcoRI frag-
ment (55)]; TCR« [a 1.0-kb EcoRI fragment from
pTTI11 (10)]; CD3-¢ [a 1.4-kb EcoRI fragment
from pDL1 (21)]; TCR-C3 [a 434-bp HindIIl/
EcoRI fragment from pSPT672-CST (29)]; Thy-1
[a 1.3-kb BamHI cDNA fragment from pCD-
Thy-1 (56)]; GATA-3 [a 1.5-kb EcoRI fragment
from pGEM7 (36)]; LEF-1 [a 1.4-kb EcoRI frag-
ment (60)]; TCF-1 [a 0.7-kb Ncil/EcoRI fragment
from pM2A (50)]; and Ets-1 [a 435-bp Pstl frag-
ment (27)]. The filters were stripped in boiling wa-
ter and rehybridized with **P-labeled 3-actin probe
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to control for the amount and integrity of mRNA
loaded.

Plasmid Constructions and Transfections

To construct pBLCAT1.76E, a 1.7-kb BglII re-
striction fragment containing the TCRS3 enhancer
was inserted into the BamHI site 5’ to the TK
promoter regulating the chloramphenicol acetyl
transferase (CAT) transcription unit in pPBLCAT?2
(kindly obtained from H. Clevers). To construct
pBLCATaES15, a 515-bp Pvull-Pvull fragment
encompassing the entire previously defined TCR«
enhancer was cloned 5’ to the TK promoter driv-
ing CAT reporter gene in pBLCAT2. The plas-
mids pJ21, pJ2IMoEnC«, and pJ21MoEnSilC
were kindly obtained from A. Winoto and have
previously been described (68).

The plasmids were tested by transient transfec-
tions into T cells using the DEAE-dextrane proce-
dure (57) and into L and hybrid cells by the cal-
cium phosphate precipitation method (26). To
correct for differences in transfection efficiency
we cotransfected 2 ug of the pCMV-8gal plasmid
expressing 3-galactosidase. At 44 h after transfec-
tion the cells were processed for (-galactosidase
(22) and CAT activity (23). CAT products were
quantitated on a Phospholmager by using Image-
Quant software. Activities were expressed as per-
cent conversion of CAM to the acetylated forms,
and as relative CAT activities as specified in the
legend to figures.

Isolation of Nuclei and DNase-I Treatments

Nuclei were prepared (8) and suspended in a
solution of 10 mM Tris (pH 7.4), 10 mM Nadl,
and 3 mM MgCl, in a glass tube on ice. Nuclear
concentrations were adjusted to a DNA concen-
tration of 0.5 mg/ml. The nuclei were warmed to
37°C while shaking gently for 1 min, adjusted to
0.1 mM CacCl,, and digested for 2 min at 37°C
with different concentrations of DNase-I ranging
from 0 to 10 U/ml. Digestion was terminated by
adding an equal volume of a solution of 20 mM
Tris (pH 7.4), 200 mM NacCl, 2 mM EDTA, 1%
SDS, and 200 ug/ml proteinase K. After overnight
incubation at 37°C (or 1 h at 55°C) 1 volume of a
10 mM Tris (pH 7.4), 1 mM EDTA (TE) solution
was added and the DNA was extracted once with
phenol and three times with chloroform and pre-
cipitated with Na acetate and ethanol. DNA pre-
cipitates were spooled out, dissolved in TE before
electrophoresis, and hybridized with the appro-
priate probes.

RESULTS

Expression of T-Cell-Specific Genes in
T x L-Cell Hybrids

Fusion of the T-lymphoma cell line (BW5147)
with thymidine kinase-deficient (TK™) L cells gave
rise to a set of hybrid cell lines. Ten selected clones
were analyzed for the expression of T-cell differ-
entiation traits. In some experiments all clones are
shown. However, in others only two to four repre-
sentative hybrids are shown, although more were
analyzed. The selected clones differed in their
morphology from the parental cells. The parental
T cells were spherical and grew in suspension. The
L cells grew as adherent fibroblast-like elongated
cells. The hybrids were adherent and usually larger
than either of the parental cells. In contrast to the
morphology of the parental L cells, the hybrid
cells had numerous long cellular extensions
around their entire circumference.

Mouse-mouse hybrid cells have been shown to
lose a few chromosomes in the first generations
following fusion. After this, the chromosomal
makeup of the hybrids becomes stable (19). The
hybrid cells examined in the present study were
either complete hybrids or at the most contained
10% fewer chromosomes than the sum number of
their parental cells (on average, an L cell contains
46 = 3 chromosomes and a BW5147 cell contains
34 + 9 chromosomes).

BW5147 cells were found to be positive for the
following T-cell-specific transcripts: TCRa,
TCRB, CD3-¢, and Thy-1. The hybrids were ex-
amined for the presence of these transcripts by
RNA blot analysis. Figure 1 shows that the paren-
tal BW5147 T cells express a high level of TCR«
transcripts, whereas L cells lack detectable TCR«
mRNA. Only one of our hybrid cell lines express a
high level of TCR« transcripts (but still lower than
BW5147 TCRa mRNA), five hybrids display very
low levels of these transcripts, and three show un-
detectable levels. The integrity of the RNAs was
monitored in this and all following experiments
with a (B-actin probe (Fig. 1A). Low levels of
TCRa mRNA in the hybrid cells could not be due
to the loss of the chromosomes encoding these
genes because Southern blot analysis of the DNA
from parental and hybrid cells shows that all the
hybrids possess the productively rearranged TCR«
chain genes (data not shown).

The gene encoding the CD3-¢ chain of the
TCR/CD3 complex is uniquely transcribed in all
T-lymphocyte lineage cells. Hybridization with a
CD3-¢ radioactive probe revealed that all the hy-
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FIG. 1. Expression of TCRa and CD3-e genes in T x L-cell
hybrids. (A) Total RNA (15 ~g) isolated from parental
(BW5147 and L) and hybrid cells were electrophoresed on
1.0% agarose-formaldehyde gels, transferred to nitrocellulose,
and hybridized with a 1.0-kb EcoRI DNA fragment containing
the TCRa cDNA sequence. (B) RNA was hybridized with a
1.4-kb EcoRIl DNA fragment containing the CD3-e cDNA se-
quence. Blots were stripped and rehybridized with a (3actin
probe. (A) Lanes 1-11: BW5147, L, HylA, Hy2A, Hy3A,
HylB, Hy3B, Hy4B, HyIC, Hy2C, and Hy4C, respectively.
(B) Lanes 1-12: BWS5147, L,HylA, Hy2A, Hy3A, HylB,
Hy3B, Hy4B, HyIC, Hy2C, Hy3C, and Hy4C, respectively.

brids tested express the CD3-e transcripts (Fig.
IB). The amount of the CD3-e mRNA in our hy-
brids is between 5- and 20-fold lower than that in
BW5147 cells. Thus, T x L-cell hybrids express
low to intermediate levels of CD3-e T-cell-specific
MRNA, compared to the parental T-lymphoma
cells.

Expression of Thy-I and TCR(3 Genes Is
Repressed in T x L-Cell Hybrids

The same 10 independent hybrids were exam-
ined for the presence of Thy-l transcripts. The
Thy-l gene is expressed in several tissues during
development and the pattern varies considerably
between species (13). The mouse protein is ex-
pressed in the nervous system, thymocytes, pe-
ripheral T cells, and, to a lesser extent, in several
other tissues. We analyzed total cellular RNA
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from parental and hybrid cells on Northern blot
using Thy-1 cDNA as a radioactive probe. Figure
2A shows that no hybridization could be detected
to RNA extracted from the parental L cells or
from the hybrids (Fig. 2A, lanes 2-12), whereas
RNA from BW5147 T cells contains a high level
of Thy-I mRNA (Fig. 2A, lane 1). Furthermore,
no hybridization signals were detected using 10 g
of HylA poly(A)+ mRNA, whereas a prominent
band was observed with 1 /xg of BW5147 total
RNA (Fig. 2B, compare lane 3 to lane 4). Thus,
Thy-I transcripts are at least 100-fold more abun-
dant in BW5147 cells than in the hybrid cells. The
BW5147 Thy-I genetic information is present in
our hybrids. The absence of Thy-1 expression is
not due to the loss of the genes encoding these
molecules, because using restriction fragment
length polymorphism analysis, we showed that the
hybrid DNA contains the sum of the polymorphic
Thy-l hybridization bands. The lack of Thy-I
gene expression in the same type of hybrids (T x
L) has been reported in the past (32,42), but in
these early experiments there were no data indicat-
ing whether the Thy-1 mRNA is present or absent.
Our results indicate that the extinction of Thy-I
expression in the hybrid cells occurs at the level of
transcript accumulation.

Hybridization of a similar RNA blot to a TCR/3
probe revealed the expected 1.3-kb mRNA in the
parental BW5147 T cells (Fig. 3A, B). In contrast,
no hybridization could be detected with RNA ex-
tracted from parental L cells or from eight (out of
10 tested) independent hybrid cell lines (Fig. 3A,
lanes 2-10). We prepared poly(A)+ mRNA from
two hybrids, HylA and Hy3C, and analyzed them
as described above. We estimate that in these hy-
brid cells the level of TCRO mRNA s at least 100-
fold lower than that in BW5147 cells. The lack of
TCR/3 expression cannot be explained by loss of
the genes encoding these molecules because South-
ern blot analysis indicated that all of our 10 hy-
brids retained the TCR/3 chain gene (rearranged
and germ line) from both parents (Fig. 3C, lanes
1-5 show 5 out of 10 hybrids tested).

The Fibroblast-Specific Gene, Fibronectin, Is
Expressed in T x L-Cell Hybrids

To study whether the fibronectin gene is ex-
pressed in the hybrid cells, we hybridized parental
and hybrid mRNAs with a fibronectin radioactive
probe. This hybridization revealed a prominent
transcript of about 8.5 kb in L cells and in our T
x L-cell hybrids (4 out of 10 hybrids are shown),
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FIG. 2. Repression of Thy-1 gene expression in T x L-cell
hybrids. (A) Total RNA (15 /xg) from parental and hybrid cells
were electrophoresed through formaldehyde/agarose gel,
transferred to Nytran membranes, and hybridized with labeled
Thy-1 cDNA probe. Lanes 1-12: BW5147, L, HylA, Hy2A,
Hy3A, HyIB, Hy3B, Hy4B, HylC, Hy2C, Hy3C, and Hy4C,
respectively. (B) Different amounts of total BW5147 RNA (10,
5, and 1 /xg; lanes 1-3, respectively) and poly(A)+ RNA of
HylA (10, 5, and 1/xg; lanes 4-6, respectively) were hybridized
with Thy-1 cDNA radioactive probe. The blots were stripped,
rehybridized with a (3actin cDNA probe, and shown in the
lower parts of this figure.

but not in BW5147 T cells (Fig. 4). Thus, the fi-
bronectin gene is expressed in a dominant manner
in the hybrid cells.-

The TCR/3 Chain Enhancer Activity and
Chromatin Structure Are Altered in T x L-Cell
Hybrids

The apparent inability of the hybrids to tran-
scribe the TCR(3 chain gene may be due to differ-
ent causes, one of which is altered chromatin
structure. Many transcribed genes contain sites in
chromatin that are hypersensitive to DNase-I
(49,58,69); such sites often encompass DNA se-
guences that are nucleosome free in vivo and im-
portant for gene control [reviewed in (18)]. Pre-
viously published results indicated that the TCR/3
chain gene contains two DNase-l hypersensitive
sites, DHD1 and DHD2, located downstream of
the C/32 region (28). Hypersensitivity in these two
regions was expressed in a tissue-specific manner.
The DHD1 site was found to be located in the
TCR/3 enhancer. This enhancer element has been
identified in a 550-bp fragment located 5 kb down-
stream of the C/32 region (37,48). We compared
the chromatin structure of the TCR/3 gene in the
parental cells and in two representative hybrid
clones. Nuclei from these cells were incubated
with a range of DNase-l concentrations. Subse-
quently, DNA was prepared, digested with
BamHI and Bgll, and probed with a 1.0-kb frag-
ment derived from the most 5' region of the
BamHI-Bgll fragment (Fig. 5A). The BamHI-Bgll
digested BW5147 DNA gave rise to a band of 6.6
kb (Fig. 5B), and with increasing amounts of
DNase-1, a second band of 3.5 kb appeared. The
location of this hypersensitivity site (indicated in
Fig. 5B by an arrow) coincided with the previously
published DHD1 site. Interestingly, unlike the
BW5147 cell line, the 3.5-kb subband was not ob-
served in L and hybrid cells at any DNase-1 con-
centrations used. An additional subband of 6.0 kb
was strongly apparent in L cells but also visible in
T and hybrid cells. The significance of this band is
not clear. Thus, the hybrid cells lack the T-cell-
specific DNase-1 hypersensitive site, which is lo-
cated in the TCR/3 enhancer.

The TCR/3 enhancer contains several different
motifs (24,59), is necessary for T-cell-specific ex-
pression of a TCR/3 chain gene in transgenic mice,
and directs transcriptional activation in transient
transfections of T cells. To assess the involvement
of this enhancer in TCR/3 chain extinction in the
hybrids, we transiently transfected the parental
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FIG. 3. Repression of TCR/3 chain mRNA in T x L-cell hybrids. (A) Total RNA (15 fig) from parental and hybrid
cells were electrophoresed through formaldehyde/agarose gel, transferred to Nytran membranes, and hybridized with
a labeled TCR-C/3 radioactive probe. Lanes 1-10: BW5147, L, HylA, Hy2A, Hy3A, HylB, Hy3B, Hy4B, HyIC,
and Hy3C, repectively. (B) Total BW5147 RNA (10, 5, 2.5, and 1 fig; lanes 1-4, respectively), poly(A)+ mRNA of
HylA (2, 5, and 10 fig; lanes 5-7, respectively), and Hy3C poly(A)+ mRNA (1, 2, and 3 fig; lanes 8-10, respectively)
were hybridized with a labeled TCR-C/3 chain probe. The blots were stripped and rehybridized with a /3-actin cDNA
probe. The blots containing the /3-actin transcripts are shown in the lower parts of this figure. (C) Analysis of germ
line and rearranged TCR/3 chain genes in T x L cell hybrids. DNA of parental [L and T (BW5147)] and hybrid cells
(15 fig) was digested with EcoRlI, electrophoresed on 1% agarose gel, and transfered to Nytran paper. The blot was
hybridized to a TCR-C/3 probe and autoradiographed. Hybrids 1-5 are Hy2A, Hy3A, HylB, Hy3B, and Hy2C
respectively. Bands 4.4 kb and 2.3 kb represent the germ line TCR-C/3 gene and the 2.0-kb band represent the
productively rearranged TCR-C/3 in T(BW5147) cells. Note that all the hybrids contain the 2.0-kb band.

and hybrid cells with two different vectors (Fig.
6A): 1) pBLCAT2 (a plasmid carrying only the TK
promoter and the CAT transcription unit), and
2) pBLCATL1.7/3E (a similar plasmid carrying the
T-cell-specific TCR/3 enhancer). To overcome the
bias of different transfection efficiencies into vari-
ous cell lines, all transfections were repeated in at
least three independent experiments and corrected
to the levels of /3-galactosidase produced by co-

transfection of the pCMV-/3-galactosidase plas-
mid. In all subsequent cotransfection experiments,
CAT activity was normalized in the same fashion.
As expected, CAT expression driven by the TK
promoter and TCR/3 enhancer was significantly
higher in T cells than L cells. In L cells, transfec-
tion of pBLCATL1.7/3E gave rise to a lower CAT
activity than transfection of pBLCAT2. This
could be due to negatively regulating transcription
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FIG. 4. Expression of fibronectin gene in T x L-cell hybrids.
Total RNA (15 ~tg/lane) of the parental (T, L) and hybrid cells
were electrophoresed, blotted, and hybridized with a labeled
fibronectin radioactive probe. Lanes 1-7: BW5417, L, HyIB,
Hy2A, Hy2C, Hy3A, and normal embryonic fibroblast from
C3H mouse (F), respectively. The blot was stripped, rehybrid-
ized with a /3-actin cDNA probe, and is shown in the lower part
of this figure.

factors expressed in nonlymphoid cells that bind
to the TCR/3 enhancer, as was previously reported
(30). Interestingly, transfection of pBLCATL1.7/3E
DNA into three representative hybrid cells, Hy3A,
HylIB, and Hy2C, yielded a very low level of CAT
expression, similar to CAT activity driven by the
pBLCAT?2 vector alone (Fig. 6B). Similar results
were obtained when we transfected the identical
CAT reporter plasmid driven by a smaller frag-
ment (0.8 kb) encompassing the TCR(3enhancer.
This low level of CAT expression implies that the
inability of the hybrid cells to generate TCRO tran-
scripts is at least in part due to inactivition of the
TCR(@enhancer.

The TCRa Enhancer Is a Targetfor Repression in
T x L-Cell Hybrids

To determine whether suppression of TCRa
MRNA in hybrid cells also correlates with down-
regulation of the TCRce enhancer activity, we
transiently transfected parental and hybrid cells
with CAT reporter gene driven by either TK pro-
moter alone (pBLCAT?2) or together with a Pvull-
Pvull 515-bp fragment encompassing the entire
previously defined TCRa enhancer cloned 5" to
the promoter (pBLCATaE515). As shown in Fig.
7, in T cells the TCRa enhancer fragment induced
CAT activity by at least 30-fold (Fig. 7B, right
panel, lanes 1and 2). To our surprise, upon trans-
fection of pBLCATaE515 into parental L-cells

and into three representative hybrid cells, Hy3A,
HyIB and Hy2C, the TCRa enhancer-containing
fragment reduced CAT activity to about 50% of
that seen with the TK promoter alone (transfec-
tions were repeated more than 10 times). Thus, in
the hybrid cells, the 515-bp fragment not only did
not activate the TK promoter but also repressed
the promoter activity below its basal level. Hy3A
expresses the highest level of TCRa mRNA,
whereas Hy2C is the lowest TCRa-expressing hy-
brid cell line. However, the latter still expresses a
higher level of TCRa mRNA than L cells. It is
interesting to note that the TCRa enhancer re-
pressing activity is higher in Hy2C than in Hy3A;
thus, it inversely correlates with TCRa mRNA ex-
pression in these cells. Therefore, changes in the
cellular activity of trans-acting factors, such as in-
duction of repressors, acting on the TCRa en-
hancer, most probably contribute to the inability
of the hybrid cells to generate high levels of TCRa
transcripts.

T x L-Cell Hybrids Express Ets-1 and Repress
LEF-1, TCF-1, and GATA-3 Expression

A large number of studies have shown that in
different cell types there is a coordinate induction
of sets of tissue-specific genes. The use of com-
mon sets of tissue-specific transcription factors to
regulate multiple lineage-specific genes represents
an economical mechanism for coordinate gene ex-
pression during development. Thus, it is not sur-
prising that the TCRa and TCR(3enhancers share
overlapping sets of nuclear binding sites. They in-
clude, among others, the GATA-3, Ets-1, TCF-1,
and LEF-I/TCF-la (denoted LEF-1) transcrip-
tion factors (40). Thus, we were interested in cor-
relating the downregulation of the TCR(3 and
TCRa enhancer activities in T x L-cell hybrids
with changes in the mRNAs encoding proteins in-
teracting with the enhancer motifs. Therefore,
MRNA from parental and hybrid cells was ana-
lyzed for TCF-1, LEF-1, GATA-3, and Ets-1 ex-
pression. BW5147 T cells contain mRNA for
TCF-1, LEF-1, and GATA-3 transcription fac-
tors, whereas the L cells do not express detectable
levels of these T cell-restricted transcription fac-
tors. Interestingly, all T x L-cell hybrids tested
(only two are shown) show low but detectable lev-
els of TCF-1, LEF-1, and GATA-3 mRNAs (Fig.
8A). We have examined the presence of GATA-3
and LEF-1 proteins in the nuclear extracts of the
parental and hybrid cells. As expected from the
Northern analysis, extracts derived from T x L-
cell hybrids express low but detectable GATA-3
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FIG. 5. Mapping of DNase-l1 hypersensitive regions in parental and hybrid cell lines. (A) A map of the mouse TCR/3 3'
region. The region examined for DNase-I hypersensitivity is downstream of the C/32 region between the two indicated BamHI
and Bgll restriction sites. The probe used for Southern blots and the region encompassing the TCR/3 enhancer are indicated.
(B) DNase-I hypersensitivity of the TCR/3 BamHI-Bgll region in T cells (lanes 1-5), L cells (lanes 6-13), HyIB (lanes 14-20),
and Hy2C (lanes 21-28). DNase-I-treated DNA was double digested with BamHI and Bgll and analyzed by Southern blotting.
Lanes 1, 6, 14, and 21 are from nuclear samples lysed without prewarming to 37°C. The absence of subbands in these samples
indicates the absence of endogenous nuclease activity during preparation of nuclei. We treated the nuclei at 37°C for 2 min.
The T-cell nuclei (lanes 2-5) were treated with 0, 2, 3, and 5 units of DNase-I, respectively. The L-cell nuclei (lanes 7-13) and
Hy2C nuclei (lanes 22-28) were treated with 0, 1,2, 3, 4, 5, and 10 units of DNase-I, respectively. The HyIB nuclei (lanes 15-
20) were treated with 0, 2, 3, 4, 5, and 10 units of DNase-I, respectively. The nuclear incubations in the absence of added
DNase-I reveal the extent of endogenos nuclease cleavage within the given time period. The arrow indicates the position of a
T-cell-specific subband generated from the hypersensitive DNase-1 site defined in the DHD1 region (28). This band is absent
in the hybrids. There is an additional subband of 6 kb that is generated by DNase-I, and appears in all cell lines and thus is
not a T-cell-specific band.

and LEF-1 binding activities (data not shown).
Our results suggest that the low levels of T-cell-
specific transcription factors present in our hy-
brids most probably contribute to the low level of
TCRce expression and to the extinction of TCR@3
expression.

To our surprise, L cells express ets-1 mRNA,
whereas no ets-1 mRNA was detected in BW5147
T cells. Interestingly, our hybrids (only 2 out of 10
are shown) express ets-1 mRNA at similar levels to

that found in parental L cells, emphasizing that
the fibroblastic-like phenotype is dominant in
these hybrid cells.

The TCRa Silencer Is Active in T x L-Cell
Hybrids

We have studied the possibility that repression
of TCRa expression occurs through a direct mech-
anism in which the non-T cells contribute a nega-
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FIG. 6. Expression of CAT gene linked to TCR@ chain enhancer is downregulated in T
x L-cell hybrids. (A) A schematic representation of pBLCAT2 and pBLCAT1.78E
plasmids. The pPBLCAT2 plasmid contains the TK promoter inserted in front of the
CAT transcription unit, and the pBLCAT1.78E contains the 1.7-kb BamHI fragment
harboring the TCRB enhancer cloned at the BamHI site located 5’ to the TK promoter.
(B) Parental (BW5147, and L) and hybrid cells were cotransfected with 15 ug of either
pBLCAT2 or pBLCATI1.78E together with 2 ug of pCMV-3-gal DNA. After 48 h,
cells were harvested, lysed, and CAT activities were determined and quantitated on a
Phospholmager by using ImageQuant Software. The percent conversion of each sepa-
rate transfection was normalized to the 3-galactosidase activity. The values for percent
conversion, presented as means + SDs, corresponding to pBLCAT2 and pBL-
CAT1.76E in L, BW5147, Hy3A, HylB, and Hy2C are 14.8 + 1.5,4.4 = 0.5,0.7 =
0.1,26.6 £ 3.1,19.3 + 22,174 + 2.4,19.5 £ 2.3,21.5 + 2.5,9 + 1.1, and 12.6
+ 1.5, respectively. For calculation of relative CAT activity, the activity obtained from
pBLCAT?2 construct in each cell line was arbitrarily assigned a value of 1. The other
values observed are relative to that of pPBLCAT2 and are the mean values of three to
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four independent experiments.

tive factor(s) that directly repress regulatory se-
quences within the TCRa gene. Previously,
several lineage-specific transcriptional silencers,
located 5’ of the murine TCR« enhancer, have
been identified (68). These silencers are required
to restrict the activity of the TCRa enhancer to
the o/B T-cell lineage. It was shown that these
silencers were capable of repressing the activity of
ubiquitously active enhancer, such as the Moloney
enhancer, in non-o/8 T cells. We analyzed the
presence of the silencer activity in three represen-
tative hybrid cells. Parental and hybrid cells were
transfected with pJ21, pJ2IMoEnCa, and pJ21-
MOEnSIIC plasmids (Fig. 9A). Transfections of
these plasmids into parental cells showed that the
TCRa silencer was active in L cells and inactive in
T cells (data not shown). Interestingly, the pres-
ence of the TCRa« silencer in the pJ21MoEnSilC
construct repressed the CAT activity driven by the
Moloney enhancer in all hybrids tested (Fig. 9B).
This o silencer represses CAT activity to a lower
level in HylB and Hy2C than in Hy3A. As dis-

cussed above, hybrids 1B and 2C express lower
levels of TCRae mRNA compared with Hy3A
cells, which express the highest level of TCR«
mRNA among 10 independent hybrid clones (Fig.
1A, lane 5), and the lowest level of silencer activity
(Fig. 9C). Thus, we conclude that the T x L-cell
hybrids harbor the silencer activity and, further-
more, there is an apparent inverse correlation be-
tween the level of TCRa mRNA versus the levels
of the silencer activity in the hybrid cell clones
analyzed (Fig. 9C).

DISCUSSION

The aim of this work was to study the molecu-
lar mechanisms that play a role in downregulation
of T-cell-specific genes. Somatic cell hybrids
demonstrated different phenotypes, of which ex-
tinction of specific cellular functions is most fre-
quently observed (14). The underlying mecha-
nisms regulating the extinction phenomenon are
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FIG. 7. The TCRa enhancer represses the TK promoter activity. (A) A schematic
representation of pBLCAT2 and pBLCATaES15 plasmids. The pBLCAT2 plasmid
contains the TK promoter inserted in front of the CAT transcription unit and the
pBLCAT&ES1S carries the TCRa Pvull-Pvull 515-bp enhancer fragment cloned 5' to
the TK promoter. (B) Parental (BW5147 and L) and hybrid cells (Hy3A, Hy1B, Hy2C)
were cotransfected with 15 ug of either pPBLCAT2 or pPBLCATaES1S together with 2
ug of pCMV-Bgal DNA. CAT activities were determined and quantitated as described
in the legend to Fig. 6B. The values for percent conversion, presented as means + SDs,
corresponding to pBLCAT2 and pBLCAT«ES15 in L, BW5147, Hy3A, HylB, and
Hy2C are 4.08 + 0.5, 1.22 = 0.1, 0.91 + 0.14, 34.3 + 7.85, 1.75 + 0.09, 1.06 =
0.05,3.16 + 0.85,1.7 = 0.2,2.61 + 0.25,and 0.98 + 0.13, respectively. For calcula-
tion of relative CAT activity, the activity obtained from pBLCAT?2 construct in each
cell line was arbitrarily assigned a value of 1. The other values observed are relative to

that of pBLCAT and are the mean values of 10 independent experiments.

thought to mirror, at least in part, the repertoire
of regulatory mechanisms controlling mammalian
cell differentiation [review in (6)]. Extinction of a
whole set of differentiated traits has been ob-
served in several combinations of hybrid systems.
The generality of extinction was suggested based
on investigations assaying hepatoma X fibroblast
hybrid cells (11), and compatible results were ob-
tained in myeloma X fibroblast and myeloma X
T somatic cell hybrids (3,43,54). In this study we
have shown that fusion of T cells to L cells yields
a set of hybrids with an unusual and interesting
phenotype. These hybrids, as expected, continu-
ously express the fibroblast marker, fibronectin,
in a dominant manner, and extinguish the produc-
tion of TCRB and Thy-1 mRNAs. However, the
expression of TCRa, CD3-¢, GATA-3, LEF-1,
and TCF-1 was not extinguished but was inhibited
to different degrees. We do not know the reasons
for the unusual phenotype of our hybrids, but
these cell lines provide an attractive biological sys-
tem to decipher the different molecular mecha-
nisms that take part in conferring negative regula-
tion upon the expression of these genes. We have
studied the molecular mechanisms that contribute

to the suppression of two T-cell-specific genes
(i.e., TCRa and TCRp), and have shown for the
first time that both direct and indirect repression
mechanisms operate in T X L-cell hybrids. Our
data indicate that no single mechanism represses
the entire trait of T-cell-specific genes in the hy-
brid cells. It is likely that these genes are shut off
by several tissue-specific extinguishers (TSE) and
only the combined effects of multiple regulatory
genes result in suppression of T-cell-specific gene
expression, as was shown for liver-specific gene
extinction in hepatoma X fibroblast hybrids (7).

Transcription of TCRa and TCRR genes is reg-
ulated by multiple cis-acting elements such as pro-
moters, enhancers, silencers, and a locus control
region (LCR) (17,40). The TCR«a and TCRJ en-
hancer regions enhance lymphoid cell-specific
transcription (37,67). Our transient transfection
experiments employing the CAT reporter gene
driven by a ubiquitous promoter and either TCR«
or TCR@ enhancer show that suppression is ex-
erted upon a newly transfected reporter gene
driven by these enhancers.

Similar to other enhancers, the TCRa and
TCRB enhancers harbor overlapping sets of bind-
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FIG. 8. T x L-cell hybrids express Ets-1 and low levels of
GATA-3, LEF-I/TCF-lo:, and TCF-1 mRNAs. (A) RNA (15
[ig/lane) isolated from BW5147 (lane 1), L cells (lane 2), Hy3A
(lane 3), and HyIB (lane 4) cell lines were electrophoresed on
1% agarose-formaldehyde gel, transferred to Nitran filter, and
hybridized sequentially with GATA-3, LEF-1, TCF-1, and (3
actin radioactive probes. (B) RNA (15 /ug/lane) isolated from
parental BW5147 (lane 1), L cells (lane 2), Hy3A (lane 3),
and Fly IB (lane 4) cell lines were electrophoresed, blotted, and
hybridized with a labeled ets-1 probe.

ing sites for ubiquitous and lineage-restricted tran-
scription factors such as LEF-1, TCF-1, GATA-3,
and Ets-1 (24,40). These proteins appear to play
important roles in regulating the expression of
TCRa/j8 genes during T-cell development and ac-
tivation (60,61,64). LEF-1 is expressed during
most stages of T-cell development, and in murine
pre-B cells (51,60). Unlike LEF-1, TCF-1 is not
expressed in cells of the B lineage but is rather
limited to T cells (51). LEF-1 gene destruction
does not affect the T lineage (62), whereas in mice
carrying a homozygous germ-line mutation in the
TCF-1 gene, thymocyte development is blocked at
the transition from the CD8+ immature single-
positive to the CD4+/CD 8+ double-positive stage
(63). Thus, TCF-1 controls an essential step in thy-

mocyte development. Functional and biochemical
characterization of LEF-1 and TCF-1 indicate that
these proteins participate in regulation of the
TCRa enhancer (50,60,65). We have found that
our T X L-cell hybrid cells contain low levels of
TCF-1 and LEF-1 mRNAs and proteins. How-
ever, previously published data show, in a differ-
ent T X L-cell hybrid combination (EL4 X B82),
that TCRcx expression is extinguished and is ac-
companied by a complete loss of LEF-1 expression
(70). We do not know the reason for this discrep-
ancy; however, it is probably due to the different
T- and fibroblast-like cell lines used for fusion,
just as different results were obtained in analyzing
Oct-2 expression in different T X myeloma hy-
brid combinations (53,71). Like TCF-1 and
LEF-1, GATA-3 is a lineage-restricted transcrip-
tion factor that is expressed very early in T-cell
development, suggesting its involvement in T-
lymphocyte differentiation (20,36). Our results
show that expression of GATA-3 was consider-
ably lower in our hybrids compared to the paren-
tal T cells. Thus, our finding that repression of
TCRce and TCRf3 expression is accompanied by
repression of GATA-3, LEF-1, and TCF-1 tran-
scription factors is in agreement with the notion
that an indirect mechanism plays a role in suppres-
sion in of these genes in our hybrids.

Loss of an essential activator(s) has been dem-
onstrated in several hybrid systems, notably in pi-
tuitary X fibroblast (47), myeloma X fibroblast
(3,35), insulinoma X fibroblast (41), and hepa-
toma x fibroblast hybrids (7,9). In most cases,
it was found that extinction of growth hormone,
immunoglobulin, cel-antitrypsin, insulin, and al-
bumin genes was accompanied by extinction of the
transactivators Pit-I/GHFI, Oct-2, LF-B1, IEF1,
and HNF-1, respectively, which bind to crucial
sequences in the promoter/enhancer regulatory el-
ements. More recently, we have shown that ex-
pression of the B-cell-specific coactivator BOB.l/
OBF.l is switched off in myeloma X fibroblast
hybrids (54). Whereas loss of a tissue-specific acti-
vator has often been correlated with gene extinc-
tion, it has rarely followed that provision of this
factor to the hybrid cells reactivates the relevant
genes (7,53). An exception was the finding that
uninterrupted expression of Oct-2 in myeloma X
T hybrids was enough to maintain the expression
of B-cell-specific genes. This unique effect may
reflect the position of Oct-2 within the hierarchy
of genes that control the B-cell-specific expression
(53). Due to the observed redundancy in transcrip-
tional activator binding sites in many enhancers,
the lack of a single transcription factor would
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FIG. 9. The T x L-cell hybrids harbor the previously identified TCR« silencer activity. (A)
A schematic representation of pJ21 (1), pJ2IMoEnCa (2), and pJ21MoEnSilC (3) plasmids,
kindly obtained from A. Winoto. The pJ21 (1) contains the c-fos promoter inserted in front of
the CAT transcription unit; the pJ2IMoEnCea (2) contains the Moloney enhancer and a
fragment of the Ca exon (0.5 kb), the pJ21MoEnSilC encompasses sill (0.4 kb) and Silll (0.33
kb), both cloned 3’ to the Moloney enhancer fragment. (B) Hybrid cells were cotransfected
with 15 pg of pJ21, pJ2IMoEnCa, and pJ21MoEnSilC together with 2 ug of pCMV-Sgal
DNA. CAT and (-galactosidase activities were assayed as described in the legend to Fig.
6B. The values for percent conversion, presented as means + SDs, corresponding to pJ21,
pJ21MoEnCq, and pJ21MoEnSilC in Hy3A, HylB, and Hy2C are 1.5 + 0.3, 43.5 = 5.1,
3045 + 29,14 + 0.2,31 + 5.1,826 + 09, 0.8 £ 0.1, 14.5 + 1.2, and 2.36 + 0.3, re-
spectively. For calculation of relative CAT activity, the activity obtained from pJ21 in each
cell line was arbitrarily assigned a value of 1. The other values observed are relative to that of
pJ21 and are the mean values of four independent experiments. Silencer activity was calculated
as the ratio between plasmids 2 and 3 CAT activities. (C) The relative level of TCRe mRNA
(calculated as the ratio between the level of TCRa mRNA in Hy3A, Hy1B, and Hy2C, and the
level of TCRa mRNA in BW5147 cells, normalized to 8-actin mRNA, and averaged for four
independent experiments) was plotted against the silencer activity calculated as described in
(B). The values for the relative TCRae mRNA corresponding to Hy3A, HylB, and Hy2C are
4.7%, 1.5%, and 0.8%, respectively.

have had only a modest effect on enhancer activ-
ity. Thus, redundancy in TCR«a and TCRS en-
hancers can most probably compensate for the
loss of a single transcription factor. Therefore,
lack of either GATA-3 or TCF-1 or LEF-1 activity
alone most likely will not lead to significant loss
of TCRa and -8 transcriptional function. Proba-
bly, the effect of a combined loss of several tran-
scriptional activators on enhancer activity will be
more dramatic. This suggestion is strengthened by
our findings that the expression of three different
prominent transcription factors was considerably
repressed in T X L-cell hybrids.

It is likely that additional mechanisms contrib-
ute to the downregulation of TCRa/3 gene ex-
pression in our hybrid cells. One possible mecha-
nism involves a repressor(s) that directly regulates
the genes themselves (44). Our study provides evi-
dence of the possible existence of at least two neg-
atively regulating mechanisms in our hybrids. One
mechanism involves the previously identified
TCRa silencer activity (68). We have shown that
in our hybrids there is an apparent inverse correla-
tion between the level of TCRa mRNA versus the
level of the silencer activity. Hy3A, which ex-
presses the highest level of TCRo mRNA, shows
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the lowest level of the silencer activity, whereas
Hy2C exhibits the lowest level of TCRe mRNA
and the highest level of silencer activity. The sec-
ond negatively regulating mechanism involves the
TCRa enhancer-containing fragment, which down-
regulates the basal activity of the TK promoter.
This suggests for the first time that this fragment
contains a silencer activity, the identity of which we
have not yet evaluated. Interestingly, the ability of
this new silencer to downregulate the TK promoter
activity also inversely correlates with the ability of
the hybrid clones to express TCRa mRNA.

Studying the expression of Ets-1 in our hybrids
was especially intriguing for two reasons: 1) Ets
binding sites have been identified within several
T-cell-specific regulatory sequences such as the
TCRa, TCRS enhancers [(31,39); reviewed in
(45)], and 2) Ets-1 is known to be preferentially
expressed in thymocytes and T cells, and its ex-
pression is developmentally regulated during thy-
mic ontogeny (4,5). To our surprise, Ets-1 mRNA
was detected in the parental L cells and was absent
in the parental T-cell line. Our findings of Ets-1
expression in L cells are consistent with previously
published data showing Ets-1 expression in endo-
thelial cells and astrocytes (1,66). Interestingly, it
was previosly shown that Ets-1 specifically re-
presses activity of the complete TCRG enhancer in
human T Jurkat cells (52). Our preliminary co-
transfection experiments introducing an Ets-1 ex-
pression vector with a CAT reporter gene driven
by either the TCRa or TCRSB enhancer led to a
modest repression of these enhancers’ activity,
suggesting a repressive role for Ets-1 in our hybrid
cells (data not shown).

We have studied an additional aspect of the

molecular mechanism that underlies extinction of
TCRB mRNA. We have shown that the shutdown
of TCR@ transcription is accompanied by a
change in the chromatin structure of the TCRJ
enhancer region. This provides a general mecha-
nism for prohibiting TCRB gene activation in in-
appropriate cell type. We have previously also
shown that in embryonal X fibroblast hybrid
cells, extinction of Oct-3/4 gene expression is cor-
related with changes in the chromatin structure of
the promoter/enhancer regulatory upstream re-
gion (2). Thus, extinguished genes are in a less
accessible chromatin configuration than their ex-
pressed counterparts. Our results provide a strong
basis for the concept that analogously to cell-type
transcriptional activation, the degree of suppres-
sion of a single tissue-specific gene is determined
by the combined action of multiple repression
mechanisms.
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