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SUMMARY

We previously reported that expression of the T-cell receptor (TCR) a and lck genes is extinguished

in hybrids between mouse T-lymphoma EL4 cells and mouse ®broblast B82 cells. In the present

study, we found that the activities of the TCRa minimum enhancer and the lck promoter monitored

by the luciferase or chloramphenicol acetyltransferase (CAT) assays were markedly inhibited in the

hybrids. Expression of the TCF-1, LEF-1, GATA-3, Ikaros, c-myb and Fli-1 genes, which encode the

haematopoietic cell-restricted transcription factors that appear to be responsible for the activities

of the enhancer and the promoter, was fully extinguished or markedly suppressed in the hybrids.

On the other hand, expression of the transcription factor genes observed in both parental cells, such

as the AML1 and c-ets-1 genes, and that of the genes encoding ubiquitously expressed transcription

factors, such as the E2A, CREB and c-ets-2 genes, was not signi®cantly suppressed in the hybrids.

These results suggest that the genes encoding haematopoietic cell-restricted transcription factors are

targets for negative regulation in ®broblastic background and that the repression of these genes may

consequently lead to suppression of the promoter and/or enhancer activities of several T-cell-speci®c

structural genes in T-lymphomar®broblast cell hybrids.

INTRODUCTION

Cell differentiation is the process in which cells acquire de®ning

phenotypes as a result of a co-ordinated programme of cell

type-speci®c gene expression. It is tightly linked to hierarchical

networks of activation of key transcriptional regulators.1,2

Determination and maintenance of speci®c cell types are

believed to be mediated through a combination of expression

of appropriate genes and repression of inappropriate genes

in cells.

Somatic cell hybridization may be a useful approach to

understanding the molecular mechanisms of the repression

of inappropriate genes because differentiated properties in

expressing cells are generally extinguished by cell fusion

with non-expressing cells, referred to as hybrid cell extinc-

tion.3 Well-known examples of extinction are the shut-off

of immunoglobulin gene expression in myelomar®broblast

cell hybrids4 and of liver-speci®c gene expression in

hepatomar®broblast cell hybrids.3,5 In the myelomar
®broblast cell hybrids, extinction of immunoglobulin gene

expression is accompanied by repression of the oct-2 gene

encoding a B-cell-speci®c transcription factor responsible

for the expression of the immunoglobulin genes.4,6 In the

hepatomar®broblast cell hybrids, acquisition of repressor

molecules derived from tissue-speci®c extinguisher-1 (Tse-1)

loci in the ®broblasts is involved in the extinction of liver-

speci®c gene expression,5,7 as well as in the repression of the

HNF-1 and HNF-4 genes encoding liver cell-restricted tran-

scription factors responsible for the expression of the genes.8,9

In T-cell-speci®c gene expression, however, the molecular

basis of extinction is not yet clearly understood. Furthermore,

it is still not evident whether extinction of expression of the

genes encoding tissue-speci®c transcription factors is a general

phenomenon in cell hybrid extinction.

In our previous studies, we reported that expression of

the T-cell receptor (TCR) a-chain gene and the lck proto-

oncogene was extinguished or markedly suppressed in

T-lymphomar®broblast cell hybrids despite the existence

of the genes.10,11 T-cell-speci®c expression of the TCR and

lck genes is believed to be controlled by a combination of

ubiquitously expressed transcription factors with several
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groups of haematopoietic cell-restricted transcription

factors bound to the enhancers and promoters.12,13 In the

present study, we examined whether several haematopoietic

cell-restricted transcription factor genes that appear to be

critical for T-cell-speci®c gene expression are targets for

transcriptional repression.

MATERIALS AND METHODS

Cell culture

Five hybrid clones previously isolated by two independent cell

fusions between hypoxanthine guanine phosphoribosyl trans-

ferase (HGPRT)-de®cient mouse T-lymphoma EL4 cells and

thymidine kinase (TK)-de®cient mouse ®broblast B82 cells

were used.10 The hybrid cells exhibited typical ®broblastic

morphology. They were cultured for the shortest possible

period of time to minimize chromosome segregation.11

Chromosome preparations and isolation of DNA and RNA

were performed in the same passage generations.

Chloramphenicol acetyltransferase (CAT) and luciferase assay

The TCRa-TK-luciferase and TK100-luciferase constructs14

were kindly donated by Dr K. A. Jones, the Salk Institute

for Biological Studies, La Jolla, CA. To generate the lck-CAT

construct, a 3.5-kilobase (kb) AccI±BamHI fragment of the lck

distal promoter kindly presented by Dr R. M. Perlmutter,

Howard Hughes Medical Institute Research Laboratories,

University of Washington, WA, was subcloned into

pSV00CAT. Five micrograms of the CAT or luciferase reporter

plasmids was transiently transfected into the parental and

hybrid cells with 3 mg of the plasmid containing the bacterial

b-galactosidase gene driven by the cytomegalovirus promoter

by using the diethylaminoethyl±dextran method.15 Cells were

harvested 36 hr after transfection for protein extraction.

CAT and luciferase activities were normalized for trans-

fection ef®ciency by the b-galactosidase assay. For CAT assay,

cellular lysates were incubated with [14C]chloramphenicol

and acetyl-coenzyme A for 12 hr at 37u. The CAT activity

of the reporter constructs was assayed by measuring the

amount of acetylated [14C]chloramphenicol by thin-layer

chromatography. For luciferase assay, luciferase reagent

buffer (Boehringer Mannheim, Germany) was mixed with

cellular lysates and the activities were measured using a Lumat

LB9507 luminometer (Berthold, Bad Wildbad, Germany).

Northern and Southern blot analysis

Twenty micrograms of total RNA samples was fractionated

through 2.2 M formaldehyde±1% agarose gel. Ten-microgram

samples of DNA were digested with 50 units of restriction

enzymes, separated in 0.7% agarose gel and denatured with

0.2 M NaOH in 0.6 M NaCl. RNA and DNA were transfer-

red onto a nylon membrane (Biodyne A, Pall Co, Port

Washington, NY) The membranes were then hybridized with
32P-labelled probes in hybridization solution, washed in

0.5rsaline sodium citrate±0.1% sodium dodecyl sulphate at

65u and were then exposed to X-ray ®lms according to our

routine method.10

Polymerase chain reaction (PCR) analysis

Mouse chromosome-speci®c polymorphic minisatelite DNA

fragments were ampli®ed by PCR from genomic DNA. The

primers for relevant chromosomes, D2Mit43 (chromosome

#2), D3Mit73 (chromosome #3), D5Mit 138 (chromosome #5)

and D10Mit10 (chromosome #10) (Murine MapPairs2)

were purchased from Research Genetics, Inc. (Huntsville, AL).

PCR was performed using 30 cycles, each consisting of 94u
for 1 min, 55u for 2 min and 72u for 2 min. The ampli®ed

products were separated through 6 or 8% polyacrylamide gel,

stained with ethidium bromide, and then photographed

under ultraviolet illumination.

RESULTS

Activities of the TCRa enhancer and lck promoter

are suppressed in intraspeci®c hybrids between

murine T-lymphoma cells and ®broblasts

We previously reported that expression of the TCRa gene and

that of the lck proto-oncogene is extinguished or markedly

suppressed in intraspeci®c somatic cell hybrid clones between

mouse T-lymphoma EL4 cells and mouse ®broblast B82 cells,

designated BEL hybrid clones, which maintained most

chromosomes from both parental cells.10,11

In the present study, to analyse the molecular basis of

extinction of gene expression, we ®rst examined the activities

of the minimal TCRa enhancer and the lck promoter in

the parental cells and their hybrids. As shown in Fig. 1(a),

®ve independent luciferase reporter gene assays reproducibly

revealed that the TCRa minimum enhancer activity was

increased approximately 230-fold in EL4 cells when the relative

enhancer activity was calculated on the basis of the activity

of the TK promoter used as a standard in the same cells. In

contrast, signi®cantly less luciferase activity was observed in

B82 cells and BEL hybrid cells; the relative enhancer activities

were 27-fold in B82 cells and 28-fold in BEL hybrid cells.

These results indicate that the activation of TCRa minimum

enhancer was more than eight-fold greater in EL4 cells than

in B82 cells or in BEL hybrid cells. Similarly, the activation

of the lck distal promoter, the mainly used promoter in EL4

cells,11 was 3±4-fold greater in EL4 cells than in B82 ®broblast

or BEL hybrid cells in six independent experiments of CAT

assay (Fig. 1b). These results suggest that the TCRa minimum

enhancer and the lck promoter are targets for extinction in

EL4 B82
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Figure 1. (a) Relative luciferase activities of the TCRa enhancer in

parental EL4 T-cell lymphoma and B82 ®broblastic cells and their

hybrid. (b) Relative CAT activities of the lck distal promoter in EL4,

B82 and their hybrid. Error bars indicate SD for ®ve to six independent

experiments.
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BEL hybrids and that extinction of TCRa and lck gene

expression in the hybrids is partly due to suppression of the

enhancer and promoter activities.

Expression of several haematopoietic cell-restricted

transcription factor genes is extinguished in the hybrids

The activities of the TCRa/b enhancers and the lck promoters

are controlled by the several haematopoietic cell-restricted

transcription factors as well as by ubiquitously expressed

ones.12,13 Therefore, we investigated the expression of several

haematopoietic transcription factor genes that appear to be

responsible for T-cell-speci®c expression of the genes in the

hybrids. The genes examined were the TCF-1,16 LEF-1,17

Sox-4,18 GATA-3,19 Ikaros,20 c-myb,21 c-ets-1,22 c-ets-2,23

Fli-1,24 AML1/PEBP2aB,25 E2A26 and CREB27 genes.

The TCF-1, LEF-1 and Sox-4 genes encode HMG box

proteins of the transcription factors in lymphoid cells. The

predominant levels of TCF-1 and LEF-1 transcripts were

observed in EL4 cells (Fig. 2a,b). No Sox-4 mRNA was

observed in our EL4 cells (data not shown), although original

EL4 cells are reported to express Sox-4 mRNA to a high

level.16 Transcripts of the TCF-1, LEF-1 and Sox-4 genes

were not detected in B82 cells. Expression of the TCF-1 and

LEF-1 genes was not detected in any of BEL hybrid clones,

although they maintained most chromosomes from both

parental cells, suggesting that expression of the genes was

extinguished in the hybrids.

Expression of the GATA-3 and Ikaros genes encoding

zinc-®nger transcription factors was high in EL4 cells and

was not detected in B82 cells (Fig. 2c,d). Expression of the

GATA-3 gene was markedly suppressed and that of the Ikaros

gene was completely extinguished in the hybrids.

The c-myb mRNA was abundantly expressed in EL4 cells

but no c-myb mRNA was observed in B82 cells and BEL

hybrids (Fig. 2e), suggesting that expression of c-myb is also

extinguished in hybrid cells between T lymphoma cells and

®broblasts.

The Fli-1 gene, a member of the ets family of oncogenes,

was highly expressed in EL4 cells but also completely

extinguished in the hybrids (Fig. 2f ).

In contrast, expression of the AML1, E2A, CREB, c-ets-1

and c-ets-2 genes, which was observed in both of the parental

cells, was maintained and not remarkably suppressed in the

hybrids (Fig. 2g±k), suggesting that expression of the genes

encoding transcription factors expressed ubiquitously or

expressed in both parental cells is not suppressed at all after

cell fusion.

The genes encoding the haematopoietic cell-restricted

transcription factors are maintained in the hybrids

The BEL hybrid clones we used in this study were previ-

ously con®rmed to maintain almost the expected sum of

total chromosome numbers from both parental EL4 and

B82 cells.10 It is therefore unlikely that the suppression of

the expression of haematopoietic cell-restricted transcription

factor genes we examined in this study is merely attributed

to segregation of chromosomes for these genes in ®ve inde-

pendent hybrid clones. XhoI digest showed restriction frag-

ment length polymorphism (RFLP) in the Ikaros gene on

mouse chromosome 11 and an EL4-speci®c fragment was

proven to be retained in all BEL hybrids (Fig. 3a), suggesting

that EL4-derived Ikaros gene was maintained in the hybrid

cells. Although no RFLP was found for the Fli-1 gene, the

existence of EL4-derived c-ets-1 gene in the hybrids detected

by RFLP with HindIII digest (Fig. 3b) probably supports

the concomitant existence of the EL4-derived Fli-1 gene in

the cells, since the Fli-1 gene is just adjacent to the c-ets-1 gene
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Figure 2. Suppression of expression of the haematopoietic cell-

restricted transcription factor genes in hybrid clones between EL4

and B82 cells. Expression of the genes were monitored by Northern

blot analysis.

(a) Ikaros
(c) Chrom. #2

(b) c-ets-1

1 2 3 4 5 6 7 1 2 3 4 5 6 7

Hybrids Hybrids

B
82

E
L4B

82

E
L4

HindIII

(d) Chrom. #3

(e) Chrom. #5

(f) Chrom. #10

1 2 3 4 5 6 7
XhoI

Figure 3. Maintenance of the haematopoietic cell-restricted transcrip-

tion factor genes in hybrid clones between EL4 and B82 cells. RFLP

analyses were carried out for the (a) Ikaros and (b) c-ets-1 genes. The

asterisks indicate EL4-speci®c fragments. Polymorphic minisatellite

DNA fragments were detected by PCR analyses (c±f ) using the primers

for mouse chromosomes 2, 3, 5 and 10 on which the GATA-3, LEF-1,

TCF-1 and c-myb genes are located, respectively.
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on mouse chromosome 9. Since no available RFLP was found

for the GATA-3, LEF-1, TCF-1 and c-myb genes in EL4

and B82 cells using several restriction endonucleases, instead,

polymorphic minisatellite DNA fragments were detected by

PCR analysis using the primers for mouse chromosomes 2, 3, 5

and 10 on which the genes are located, respectively. Ampli-

®cation of genomic DNA revealed that the hybrid clones

maintained the polymorphic fragments from both of the

parental cells for the chromosomes (Fig. 3c±f ). All these results

support the notion that the haematopoietic cell-restricted

transcription factor genes we examined were maintained in

the hybrids.

DISCUSSION

We have shown that the activities of the TCRa minimum

enhancer and the lck distal promoter were markedly reduced

when mouse T-lymphoma EL4 cells were fused with mouse

®broblast B82 cells. Reduction of their activities appeared

to be associated with extinction or marked suppression of

expression of several haematopoietic cell-restricted transcrip-

tion factor genes that appear to be critical for TCRa and lck

gene expression.13 Extinction was not speci®cally observed in

a certain family of transcription factor genes but rather

appeared to be dependent on their expression patterns in

tissues: expression of the genes encoding haematopoietic cell-

restricted transcription factors was extinguished by fusing

with ®broblast but no suppression was observed in expression

of the genes encoding ubiquitously expressed transcription

factors in general.

The TCRa minimum enhancer contains the binding motifs

for CREB, TCF-1/LEF-1, AML1 and Ets transcription factors

which are critical for TCRa gene expression.14 All these tran-

scription factors were available in EL4 cells and the reporter

assay showed that the TCRa minimum enhancer was highly

activated in the cells, whereas no expression of TCF-1/LEF-1

and Fli-1 was found in BEL cell hybrids where the TCRa
minimum enhancer activity was signi®cantly reduced. Expres-

sion of GATA-3 and c-Myb, which is also critical for T cell-

speci®c expression of the lck and the TCRb genes as well as

the TCRa gene, was very high in EL4 cells but it was also

reduced in the hybrids. Expression of the TCRb and Thy-1

genes was also extinguished in the hybrids (data not shown).

Our results suggest that extinction of expression of

tissue-speci®c transcription factor genes may be a general

role in hybrid cells between haematopoietic cells and ®bro-

blasts. Our results also provided evidence that tissue-speci®c

promoters and/or enhancers are targets in hybrid cell extinc-

tion. The haematopoietic cell-restricted transcription factors

we examined are known to be co-operatively involved in the

control of expression of many T-cell-speci®c genes.1,12 Since

one haematopoietic cell-restricted transcription factor controls

the expression of several sets of haematopoietic cell-speci®c

structural genes, it may be ef®cient to shut off these genes by

shutting off a few sets of haematopoietic cell-restricted

transcription factors.

There are several mechanisms to shut off inappropriate

genes which include DNA methylation,28 histone deacetyla-

tion,29 acquisition of direct repressors,30 extinction of necessary

transcription factors6 and post-transcriptional regulation.31,32

Our previous study on extinction of the lck gene in the hybrids

showed that DNA methylation status around the lck promoter

and coding regions was not changed as far as examined.11 The

results in the present study suggest that extinction of positive

regulators for keeping haematopoietic characters in T cells is at

least one of the mechanisms in the shut off of T-cell-speci®c

structural gene expression in non-haematopoietic cells like

®broblasts. Extinction of expression of tissue-speci®c tran-

scription factor genes may be one of the biologically signi®cant

ways for commitment and determination of cell fate and

lineage speci®city, since only a small fraction of the genome

is expressed in each type of differentiated cells. The putative

repressors in ®broblast may be a part of such a develop-

mental programme to prevent haematopoietic cell-restricted

transcription factor genes from being expressed in non-

haematopoietic cells. In this regard, we previously reported

that expression of PU.1, an ets family oncogene encoding

a B-cell- and macrophage-speci®c transcription factor, is

extinguished in hybrids between myeloma and embryonic

carcinoma cells.33 At present, however, we do not know the

precise molecular mechanisms of the extinction of the tran-

scription factor genes and whether the extinction mechanism

is common for the LEF-1, TCF-1, GATA-3, Ikaros, c-myb and

Fli-1 genes. The most recent study on T-cell-speci®city of

GATA-3 gene expression has revealed that an upstream

regulatory region from the GATA-3 transcriptional initiation

site acts as a silencer in non-T cells and that competition

between the basic helix-loop-helix (bHLH) proteins E2A/HEB

and the repressor protein ZEB is involved in the silencer

activity.34 The ZEB protein has also been reported to be

involved in silencer activity in the immunoglobulin gene in

non-B cells.35 Similarly, the Id and Hes-1 HLH repressor

proteins have been reported to be implicated in suppression

of the function of master positive regulators such as MyoD,

NeuroD and SCL, probably through sequestration of E2A/

HEB proteins.36,37 Whether the ZEB, Id and Hes-1 proteins

are involved in the repression of haematopoietic cell-restricted

transcription factor genes examined in this study remains to

be determined. Since it is likely that the regulatory regions of

the transcriptional factor genes are also targets for extinction,

expression of only a very few sets of putative master negative

regulators could inhibit the expression of several haemato-

poietic cell-restricted transcription factor genes and lead sub-

sequently to extinction of many haematopoietic cell-speci®c

structural genes in ®broblasts. A system in which many

genes can be shut off by only a small fraction of repressor

proteins has been reported in liver cells and in neural

cells, where Tse-13±5 and REST/NRSF38 act as direct nega-

tive repressors in non-hepatic cells and non-neural cells,

respectively, to control the cells' fate.

Our results do not exclude the possibility that direct

negative repressors are also involved in the extinction of

expression of the haematopoietic-speci®c genes in a non-

haematopoietic background. Reverse transcription-PCR

analysis revealed that temporal exogenous expression of

TCF-1 and GATA-3 did not recover the endogenous TCRa
and lck gene expression in BEL hybrids (data not shown),

suggesting that additional extinction mechanisms may exist.

This is similar to the results reported by Bulla39 in which

ectopic co-expression of the two major liver-speci®c trans-

criptional activators of the a1-anti-trypsin gene, HNF1a and

HNF4, failed to prevent extinction of liver-speci®c expression

165Extinction of transcription factor genes in hybrids

# 2001 Blackwell Science Ltd, Immunology, 104, 162±167



of the gene in hepatomar®broblast cell hybrids. On the other

hand, forced Oct-2 expression has been shown to prevent

extinction of the immunoglobulin gene expression in BrT-cell

hybrids.40 Both loss of tissue-speci®c transcriptional activators

and acquisition of direct negative regulators have been pro-

posed to be responsible for extinction of liver-speci®c gene

expression in hepatomar®broblast hybrids.41 Thus, multiple

mechanisms, including loss of haematopoietic cell-restricted

transcription factors and acquisition of direct negative factors,

may also contribute to the extinction of T-cell-speci®c gene

expression in cell hybrids.

Somatic cells appear to have much more plasticity than

ever thought and the cell fate might be changed when the

genes for master positive and negative regulators are

introduced or reprogrammed.42±45 For example, introduction

of the myoD gene converts ®broblasts into myogenic cells43 and

introduction of the v-raf oncogene converts Em-myc trans-

genic B cells into macrophages.45 Recent reports that a variety

of blood cell types were produced from neural stem cells

after transplantation into irradiated hosts46 may also be such

an example. It has also been reported that globin gene

expression is reprogrammed in chimeras generated by inject-

ing adult haematopoietic stem cells into mouse blastocysts.47

Thus, cell fate seems to be determined by the balance between

expression of master positive and negative regulators. In this

sense, it is very important to identify in future studies the

genes encoding such putative master negative regulators that

could shut off the expression of several haematopoietic

cell-speci®c genes.
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