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A B S T R A C T  

Several examples of extinction of cell type-specific gene expression have 
been observed following fusion of different cell types. Possible mechanisms 
of the extinction include loss of transcriptional activators and acquisition 
of repressor factors responsible for cell type-specific gene expression. In 
this study, we demonstrated the extinction of expression of the PU.l/Sfpi-I 
putative oncogene encoding a B-cell- and macrophage-specific transcrip- 
tion factor when plasmacytoma cells are fused with embryonal carcinoma 
(EC) cells. The hybrid cells retained most chromosome complements from 
both parental lines including chromosome 2 on which the PU.I gene is 
located. Therefore, extinction of PU.I gene expression in the hybrids is not 
likely the result of chromosome segregation but rather due to a trans- 
acting negative factor(s) present in EC cells. On the contrary, expression 
of the PU.I mRNA in plasmacytoma cells was not extinguished upon cell 
fusion with T-lymphoma cells, although the parental T-lymphoma cells did 
not express PU.1 transcripts. Hence, T-lymphoma cells seemed to be per- 
missive to PU.1 gene expression, while EC cells were repressive. These 
results suggest that PU.I gene expression which positively regulates some 
B cell- and macrophage-specific gene expression is a target of negative 
regulatory mechanisms during cell differentiation, and the regulatory 
mechanisms repressing PU.1 gene expression is different between EC cells 
and T-cells. 

I N T R O D U C T I O N  

Cell differentiation is promoted by the selective sequential activa- 
tion of cell type-specific genes at given developmental stages. Since 
only a small fraction of the total genes is expressed for any differen- 

tiated cells, negative regulatory mechanisms are particularly important 

to prevent unnecessary genes from being expressed (1, 2). The mo- 
lecular mechanisms that control the process are, however, poorly 

understood. 
Somatic cell hybridization between dissimilar cells may be one of 

the useful systems to investigate negative regulation of gene expres- 
sion. Upon cell fusion, one cell background influences the expression 
of a cell type-specific gene in the partner cells. Indeed, alteration of 

gene expression has been reported in a variety of hybrid systems (3, 
4). It generally results in a rapid reduction of expression of cell 
type-specific genes, indicating the presence of a trans-acting negative 
factor(s) in nonexpressing cells (5-9). Such repression of a cell type- 
specific gene is often associated with extinction of transcriptional 

activators responsible for the expression of the cell type-specific gene. 
For example, expression of the immunoglobulin genes is extinguished 
in hybrids between B-cells and fibroblasts (10), accompanied by loss 
of a B-cell-specific transcription factor, Oct-2 (11, 12). 

The PU.1 gene encodes a B-cell- and macrophage-specific tran- 
scription factor sharing homology to the ets oncogene product (13) 
and is identical to Spi-1/Sfpi-1 (14), a putative oncogene originally 
isolated from Friend virus-induced erythroleukemia cells (15, 16). Its 
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binding motif has been found in cis-regulatory elements of several 
B-cell- and macrophage-specific genes (17-19). These data suggest 
that the PU.1 gene products could regulate certain sets of the genes, 

and their expression and repression may participate in differentiation 

of hematopoietic cells. 
In the present study, we asked whether PU. 1 gene expression could 

be extinguished in hybrids between B-cells and non-B-cells. We fused 
PU.l-positive plasmacytoma cells with PU.l-negative EC 3 or T-lym- 

phoma ceils, since EC cells represent undifferentiated cells, and 

T-cells terminally differentiated cells of hematopoietic lineage. 

M A T E R I A L S  AND M E T H O D S  

Cell Culture. Cells were grown in Dulbecco's modified minimum essential 
medium supplemented with 10% fetal bovine serum. Some cell lines were 
provided by the Japanese Cancer Research Resources Bank. 

Cell Hybridization. Mouse F9 EC cells resistant to 8-azaguanine were 
fused with bromodeoxyuridine-resistant mouse plasmacytoma S194 cells by 
50% (w/v) polyethylene glycol (Mr 3350; Sigma Chemical Co.; Ref. 20). 
Hybrid colonies were isolated in hypoxanthine-aminopterin-thymidine me- 
dium (21). Hybrid cells between 8-azaguanine-resistant mouse T-lymphoma 
cells EL4 or BW5147 and bromodeoxyuridine-resistant S194 were obtained as 
a mixture of hybrid colonies surviving in hypoxanthine-aminopterin-thymidine 
medium. 

To minimize chromosome segregation before analysis, the hybrid cells were 
cultured for the shortest period, and all DNA, RNA, and chromosome samples 
were prepared at once from the same passage generations. 

Chromosome Analysis. Metaphase spreads of the parental and hybrid cells 
were prepared by the air-drying method. Chromosome numbers were counted 
in more than 30 metaphases stained with Giemsa. The presence of parental 
cell-specific chromosomes in F9 • S194 hybrids were confirmed by karyo- 
typical analysis (22). 

Southern Blot Analysis. Ten/xg of DNA prepared by a routine procedure 
(23) were digested with HaelII, electrophoresed, and blotted on nylon mem- 
branes (Biodyne A, Pall, NY). The minisatellite probe Pc-1 specific for mouse 
chromosome 4 (24) was a gift from Dr. R. Kominami, Niigata University, 
Japan, and was labeled with [32p]dCTP (23). Hybridization was carried out 
essentially the same as in Ref. 9. 

For methylation assay of PU.1 genomic loci, DNA was digested with MspI 
or HpalI and hybridized with radiolabeled PU. 1 eDNA probe (13), a gift from 
Dr. R.A. Maki, La Jolla Cancer Research Foundation, La Jolla, CA. 

Northern Blot Analysis. To avoid the effect of serum stimulation, all cells 
were harvested 32 h after feeding fresh medium, and total RNA was prepared 
by the single-step method (25). Twenty /xg of total RNA were fractionated 
through 2.2 M formaldehyde-l% agarose gel and transferred onto a nylon 
membrane. For a radiolabeled PU.1 riboprobe, 242 nucleotide fragments span- 
ning 116 to 357 base pairs of mouse PU.1 eDNA was transcribed in vitro by 
T7 RNA polymerase from the PstI digested plasmid, 25.1 (13). The membranes 
were hybridized with the probe in 50% formamide, 5 • standard saline-citrate, 
0.02% sodium dodecyl sulfate, 0.1% N-lauroylsarcosine, and 5% nonfat skim 
milk at 68~ A stringent wash was performed in 0.1X standard saline-citrate- 
0.1% sodium dodecyl sulfate at 72~ 

PCR Analysis. Polymorphic minisatellite DNA fragments on murine chro- 
mosome 2 were amplified from 100 ng of genomic DNA using a II-lb-A and 
II-lb-B primer set (26). Thirty-five cycles of amplification were carried out at 
94~ for 1 min, at 62~ for 1 min, and at 72~ for 1 min. The amplified 

3 The abbreviations used are: EC, embryonal carcinoma; eDNA, complementary DNA; 
PCR, polymerase chain reaction. 
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Fig. 1. Cell type=specific expression of PU.1. 
Total RNA (20 p.g) from plasmacytoma cell lines 
S194 and M P C l l  (Lanes 1, 2, and 12); B-cell 
lines Ig6.11 and WEHI231 (Lanes 3 and 4); pre- 
B-cell lines 46.6 and AT5 (Lanes 5 and 6); T- 
tymphoma cell lines BW5147, EIA, and CAK1.3 
(Lanes 7-9); myelomonocytic leukemia cell 
lines WEHI3 and M1 (Lanes 10 and 11); EC cell 
lines F9, PCC4, and P18 (Lanes 13-15); fibro- 
blast lines NIH/3T3 and B82 (Lanes 16 and 17); 
mammary carcinoma cell line FM3A (Lane 18); 
and malignant melanoma cell line B16 (Lane 19) 
were electrophoresed and blotted, and then 
probed with labeled PU.I antisense riboprobe. 
rRNA (18S) as control for RNA loading is 
shown. 
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products were separated through 5% polyacrylamide gel, stained with ethidium 
bromide,  and photographed under U V  illumination. 

RESULTS 

Tissue Distribution of PU.1 Gene Expression. The data concern- 
ing PU.1 gene expression is conflicting in the literature. Although 
Kremsz et al. (13) reported the tissue-specific expression of PU.1 gene 
in murine cells, another study on Spi-1/Sfpi-1/PU.1 demonstrated 
ubiquitous distribution of its expression among various human cell 
lines and tissues (27). Therefore, we first examined the tissue distri- 
bution of PU. 1 gene expression using various murine cell lines. North- 
ern analysis showed that PU.1 transcripts were found in pre-B-cell 
lines, B-cell lines, plasmacytoma cells (Fig. 1, Lanes 1 to 6 and 12), 
and myelomonocytic leukemia cell lines (Fig. 1, Lanes 10 and 11 ) but 
not in T-lymphoma cells (Fig. 1, Lanes 7 to 9). No PU.1 mRNA was 
detected in nonhematopoietic cells, including EC cells, fibroblasts, 
and epithelial cell lines (Fig. 1, Lanes 13 to 19). These results con- 
firmed that PU. 1 gene expression in murine cells is restricted to B-cell 
and myelomonocytic cell lineages. 

Characterization of B x EC Cell Hybrids. The confined expres- 
sion of the PU.1 gene suggests that PU.1 gene expression is active in 
cells committed to a certain hematopoietic cell lineage. Therefore, 
expression of the PU.1 gene should be silent until it is necessary 
during cell differentiation. To investigate the mechanism of negative 
regulation repressing PU.1 expression in undifferentiated cells, we 
fused PU.l-negative F9 EC cells with PU.l-positive S194 plasmacy- 
toma cells�9 Ten independent hybrid clones were isolated from two 
fusion experiments and designated as SF9 II-1-II-5 and SF9 III-1- 
III-5. All SF9 hybrids showed uniform cell morphology in culture and 
were quite different in both morphology and growth pattern from the 
parental cell lines (Fig. 2). Chromosomal analysis revealed that these 
hybrid clones were exclusively tetraploid and chromosome loss was 
minimum (six chromosomes at most; Table 1). Both the S194-specific 
chromosome t(12;15) (28) and the F9-specific metacentric chromo- 
some were found in the same metaphase spreads (data not shown), 

PU.1 Gene Expression in B x EC Cell Hybrids. To see whether 
the levels of PU.1 gene expression in $194 were altered in these SF9 
hybrids, Northern analysis was performed. No PU.1 gene transcripts 
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$194  SF9 F9 
Fig. 2. Morphology of SF9 hybrid cells in culture�9 Cells were photographed under a phase contrast microscope. The SF9 hybrids are shown in parallel with parental cells S194 

and F9. 
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EXTINCTION OF PU, I IN CEI.I. HYBRIDS 
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Fig. 3. A, Northern blot analysis of PU.1 expres- 
sion in SF9 hybrid clones. Total RNA (20 /,g) of 
S194 (Lane 1), F9 (Lane 2), SF9 II-1 to II-5 (Lanes 
3 to 7), and SF9 III-1 to Ili-5 (Lanes 8 to 12) was 
fractionated, blotted, and hybridized to the radiola- 
beled PU.1 antisense riboprobe. Ribosomal RNA 
(18S) as a control for RNA loading is shown. B, 
PCR amplification of murine chromosome 2-spe- 
cific polymorphic minisatellite DNAs. Genomic 
DNAs from the parental cells (S194, Lane 2; F9, 
Lane 3) and hybrid cells (SF9 II-1 to II-5, Lanes 5 
to 9; SF9 III-1 to Ill-5, Lanes 10 to 14) were am- 
plified by PCR using a pair of II-16-A and II-16-B 
primers. A mixture of an equal amount of DNA from 
both parental cells (Lane 4) was included in the 
experiment as a control. The resulting products were 
electrophoresed and then stained with ethidium bro- 
mide. Lane 1, molecular weight marker Hinfl-di- 
gested ~bX174. 
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were tound in any SF9 hybrid clones or F9 cells (Fig. 3A, Lanes 2 to 

12), whereas  they were clearly detected in S194 cells on the same blot 

(Fig. 3, Lane 1). Intact 18S rRNA was seen in each lane (Fig. 3A ). 

A l though  it is unlikely that loss of  the PU.I  transcripts in all 10 

independent  hybrid clones is s imply due to a loss of c h r o m o s o m e s  2 

on which  the PU.1 gene locus is al located (29), we analyzed the PCR 

ampli f icat ion profile of  a po lymorph ic  minisatel l i te  specific for mu-  

rine c h r o m o s o m e  2. A pair of  po lymorph ic  minisatel l i te  primers,  

I I - lb -A and I I - lb-B (26), were  ampli f ied about  400- and 250-base 

pair- long D N A  fragments  f rom S194 and F9 genomic  DNA,  respec- 

t ively (Fig. 3B, Lanes 2 and 3).  Both  D N A  fragments  were  coampl i -  

f led f rom all SF9 D N A s  (Fig. 3B, Lanes 5 to 14) and a control  mixture  

of parental cell I )NA (Fig. 3B, Lane 4), demonst ra t ing  the preserva- 

tion of c h r o m o s o m e  2 from both of  the parental cells in the hybrids. 

M e t h y l a t i o n  S ta tus  of  the  PU.1 G e n e  L o c u s  in B x E C  Cell  

H y b r i d s .  Alterat ion of methyla t ion  status of the gene loci could be a 

possible mechan i sm which shu tdowns  PU.1 expression in SF9 hy- 

brids. To know whether  the methyla t ion  pattern of  the PU. 1 gene loci 

is changed or not, genomic  D N A  was digested with MspI or HpalI, 

and Southern analysis was performed.  HpalI digested genomic  D N A  

showed  16.0-, 4.7-, and 2.1-ki lobase bands  in F9 cells and 16.0- and 

4.7-kilbase bands  in S194. All  of  these bands  were  found in SF9 

hybrids.  Compar ing  signal intensi ty of  the 16.0- or 4.7-ki lobase band 

with the 2.1-ki lobase band in hybrids,  it is certain that the 2.1-ki lobase 
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Table l Chromosome numbers of SF9 hybrid clones 

No. of metacentric 
Cell line Clone No. of chromosomes a chromosomes a 

Parental cells 
$194 38.4 • 1.3 b (36-40) c 0 
F9 42.1 • 1.3 (39-44) 1.0 

Hybrids 
SF9 I1-1 76.9 --- 1.8 (73-79) 1.0 
SF9 1I-2 77.6 +- 1.3 (75-80) 1.0 
SF9 1I-3 76.9 ___ 1.0 (73--81) 0.9 
SF9 II-4 77.6 • 1.0 (73--82) 0.8 
SF9 1I-5 76.9 --- 2.5 (70--81) 0.7 

SF9 III-1 76.2 -+ 1.6 (72-79) 0.7 
SF9 III-2 74.8 • 2.4 (70-80) 0.7 
SF9 Ili-3 75.8 --- 2.4 (73-80) 0.8 
SF9 III-4 74.6 • 2.7 (70-79) 0.7 
SF9 111-5 75.4 • 2.5 (70--79) 0.7 

"Mean. 
b Mean ___ SD. 
c Numbers in parentheses, range. 

Table 2 Chromosome numbers of SBW and SEL hybrid cells 

Cell line Number of chromosomes" 

Parental cells 
S194 38.4 • 1.3 b (36-40) c 
BW5147 42.8 +_ 0.7 (41-44) 
EL4 40.3 -- 0.9 (38--42) 

Hybrids 
$194 • BW5147 

SBW IV 77.8 --- 2.5 (71-82) 
SBW V 75.8 - 2.9 (70-83) 

S194 • EL4 
SEL III 71.1 --- 2.1 (72-82) 
SEL IV 71.8 • 3.1 (65-77) 

a Mean. 
b Mean -+ SD. 
c Numbers in parentheses, range. 

signal is one-half of that found in F9 cells (data not shown). Thus, 
band patterns of SF9 hybrids were a simple summation of those of 
both parental cells, suggesting no alteration of methylation status on 
the PU.1 gene loci derived from the parental cells. These results 
suggest that the expression of the PU.1 gene could be extinguished in 
SF9 hybrids by trans-acting negative regulation present in F9 cells. 

Characterization of B x T Cell Hybrids. Next, we addressed 
whether trans-acting negative regulation seen in EC cells was also 
found in PU.l-negative T-lymphoma cells which belong to the lym- 
phoid cell lineage as plasmacytoma. To investigate this point, mixed 
populations of hybrids were generated between S194 plasmacytoma 
and BW5147 or EIA T-lymphoma cells. The hybrids were named 
SBW IV, SBW V, SEL III, and SEL IV, respectively. Cell morphology 
and the results of chromosomal analysis are shown in Fig. 4A and 
Table 2. These results demonstrate that these hybrids were different 
from both the parental cells in shape, and they well-maintained almost 
all sets of chromosomes. In these cells, hybridity was confirmed by 
DNA fingerprinting with the polymorphic minisatellite probe Pc-1 
(24). It showed that the polymorphic bands specific for each parental 
cell were present in SBW and SEL hybrids (Fig. 4B), indicating that 
these hybrid cells actually derived from fusion of the parental cells. 

PU.1 Gene Expression in B x T Cell Hybrids. In contrast to SF9 
hybrids, PU.1 gene expression was preserved in both SBW and SEL 
hybrids, and their mRNA levels were comparable to $194 (Fig. 5). 
These data suggest that negative regulation repressing PU.1 gene 
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Fig. 5. Northern blot analysis of SBW and SEL hybrid cells. Total RNA (20/xg) of 
parental cells (S194, Lane 1; BW5147, Lane 4; and EL4, Lane 7) and hybrid cells (SBW 
IV and V, Lanes 2 and 3; SEL III and IV, Lanes 5 and 6) were electrophoresed, blotted, 
and hybridized to a radiolabeled PU.1 antisense riboprobe, rRNA (18S) as control for 
RNA loading is shown. 

expression in T-lymphoma cells is different from that in F9 cells. 
Thus, T- lymphoma cells may not contain the trans-acting negative 
factor expected in F9 cells. 

DISCUSSION 

Maintaining most genes in an inactive state at any given time is one 
of the important steps in the process of cell differentiation (1, 2). This 
mechanism would contribute to keeping cell differentiation and spe- 
cialized cellular functions well organized, cooperating with the posi- 
tive regulation of cell type-specific genes. Since it has been evident 
that cell type-specific transcription factors play a dominant role to 
determine precise timing and levels of cell type-specific gene expres- 
sion (30), a cell type-specific transcription factor such as PU. 1 should 
be exclusively expressed in appropriate cells and suppressed in others. 
In the present study, we showed that expression of the PU.1 gene in 
plasmacytoma was extinguished upon cell fusion with EC cells. 

Mere loss of the chromosomes required for PU.1 expression cannot 
explain loss of PU.1 transcripts in all SF9 hybrid clones, considering 
that both the parental cell-derived chromosomes, including chromo- 
some 2, were well preserved in the 10 independent clones. Therefore, 
our results suggest that negative regulatory mechanisms in F9 cells 
trans-dominantly suppressed the transcription machinery of the PU.1 
gene in plasmacytoma. 

Several mechanisms could explain the extinction: (a) extinction or 
inhibition of a trans-positive factor(s) required for activation of the 
gene; (b) acquisition of a trans-negative factor(s) directly suppressing 
PU.1 gene expression; and (c) introduction of some factors which 
alter the chromatin structure and/or methylation state of the gene 
locus. Thus far, a number of studies have attempted to define the 
molecular basis underlying extinction of cell type-specific gene ex- 
pression in hybrid cells (5, 6, 31-35). Accompanying the extinction of 

Fig. 4. A, morphology of SBW and SEL hybrid cells. Cells were photographed under a phase contrast microscope. The hybrids are shown in parallel with their parental cells. B, 
fingerprinting of SBW and SEL hybrid cells. Left, 10 p~g of genomic DNA of S194 (Lane 1), BW5147 (Lane 4), and SBW IV to V (Lanes 2 and 3) were digested with HaelII, 
electrophoresed, blotted, and hybridized with a radiolabeled Pc-1 minisatellite probe. Asterisks and arrowheads, each parental cell-specific polymorphic band. Right, S194 (Lane 1), 
EL4 (Lane 4), and SEL III to IV (Lanes 2 and 3) were subjected to the same analysis. 
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EXTINCTION OF PU.[ IN (?ELL ftYBR1DS 

immunoglobulin and albumin, expression of positive regulatory fac- 
tors Oct-2 (11, 12) and HNF-1 (33) were also extinguished in hybrids 
formed with fibroblasts. The present study added the evidence that 
B-cell- and macrophage-specific expression of the PU.1 gene also 
appears as such a target in trans-acting negative regulation in cell 
hybrids. 

Extinction of PU. 1 expression in SF9 hybrids itself might also be 
due to indirect action of loss of a positive regulatory factor(s) required 
for activation of the PU.1 gene. EC cells, however, have been reported 
to contain negative regulatory factors to directly repress transcription 
of several viral genes (36-38) and cell type-specific genes (39, 40). 
Thus, it is possible that a trans-acting negative factor(s) in F9 cells 
repressed PU.1 gene expression directly in the hybrid cells. 

As seen in extinction of 0ct-3/4 gene expression in EC cells and 
fibroblast cell hybrids (41), changes in methylation status and/or 
chromatin structure of the PU.1 gene upstream region might be re- 
sponsible as well, although the methylation status of PU. 1 gene loci is 
not altered in SF9 hybrids. 

Whichever the extinction mechanism is, extinction of PU.1 gene 
expression probably leads subsequent repression of the cell type- 
specific genes controlled by the PU. 1 transcription factor in EC cells. 
Loss of the PU.I transcription factor as well as existence of the Oct-3 
transcription factor (40) may be partly responsible for shut-off of 
immunoglobulin gene expression in EC cells, since the binding site of 
the PU.1 transcription factor in the IgK 3' enhancer region plays an 
important role in the enhancer activity (18). 

In contrast to SF9, expression of the PU.1 gene was preserved in 
hybrids between plasmacytoma and T-lymphoma cells. This result 
suggests that negative regulation repressing PU.1 gene expression in 
T-cells is different from that in EC cells and that T-cells may not 
contain a trans-acting negative factor for PU.1 gene expression. A 
similar situation has been described in Oct-2 gene expression that is 
extinguished in hybrids between myeloma and fibroblasts (11, 12) but 
not between myeloma and T-lymphoid cells (32). 

The difference in negative regulatory mechanisms of PU.1 gene 
expression in EC cells and T-cells would be partly due to the differ- 
ence in their differentiation state. To maintain differentiation potency 
of EC cells, repression of all cell type-specific genes might be revers- 
ibly controlled. Thus, repressing the transcription factor PU.1 by a 
trans-acting negative factor(s) is advantageous, since repression of a 
single gene could efficiently suppress several of its target genes with- 
out losing the reversibility of the repression. On the other hand, it 
might be unnecessary, even risky, for terminally differentiated cells to 
maintain plasticity of gene expression for unneeded genes. 

Our study demonstrated the difference in negative regulation of 
PU.1 gene expression in EC cell and T-lymphoma cell backgrounds. 
There appears to be at least two mechanisms, one trans-acting and the 
other possibly cis-acting, although it remains to be answered if other 
EC cells have the same trans-acting negative regulation. Further in- 
vestigations using somatic cell hybrids between various combinations 
of cells will provide valuable insight into the molecular mechanisms 
of negative regulation of cell type-specific gene expression during cell 
differentiation. 

ACKNOWLEDGMENTS 

We are indebted to Drs. S. J. O'Brien and M. Sasaki for their critical reading 

of  this manuscript and M. Fujiwara for her excellent technical assistance. We 

thank Dr. R. A. Maki for the plasmid of the murine PU.1 cDNA; Dr. R. 
Kominami for a primer pair and a plasmid of murine chromosome-specific 

polymorphic minisatellite DNAs; and Drs. M. C. Yoshida, N. Takagi, M. 

Kakinuma, K. Yasumizu, and T. Takemori for their kind donation of cell lines. 
We are also grateful to Drs. J. Akiyama and Y. Yamada for their continuous 

encouragement. 

5764 

REFERENCES 

1. Goodboum, S. Negative regulation of transcriptional initiation in eukaryotes. Bio- 
chim. Biophys. Acta, 1032: 53-57, 1990. 

2. Blau, H. M. Differentiation requires continuous active control. Annu. Rev. Biochem., 
61: 1213-1230, 1992. 

3. Ringertz, N. R. Cell Hybrid, pp. 180-212. Ncw York: Academic Press, 1976. 
4. Gourdeau, H., and Fournier, R. E. K. Genetic analysis of mammalian celt differen- 

tiation. Annu. Rev. Cell Biol., 6: 69-94, 1990. 
5. Chin, A. C., and Fournier, R. E. K. A genetic analysis of extinction: trans-regulation 

of 16 liver-specific genes in hepatoma-fibroblast hybrid cells. Proc. Natl. Acad. Sci. 
USA, 84: 1614--1618, 1987. 

6. McCormick, A., Wu, D., Castrillo, J. L., Dana, S., Strobl, J., Thompson, E. B., and 
Karin, M. Extinction of growth hormone expression in somatic cell hybrids involve.~ 
repression of the specific trans-activator. Cell, 55: 379-389, 1988. 

7. Oikawa, T., Kondoh, N., Fujita, H., Satoh, C., Li, S. Z., Yoshida, M. C., [mamura, M., 
Onoe, K., and Kuzumaki, N. Transcriptional down-regulation of the rearranged c-myc 
expression in murine cell hybrids between a plasmacytoma and a T-celt lymphoma. 
Int. J. Cancer, 45: 468-474, 1990. 

8. Besnard, C., Loras, P., Daegelen, D., and Jami, J. Reversible extinction of insulin gene 
expression in insulinoma • fibroblast somatic cell hybrids. Exp. Cell Res., 185: 
101-108, 1989. 

9. Yamada, T., Hitomi, Y., Shimizu, K., Ohki, M., and Oikawa, T. Extinction of T-cell 
receptor a-chain gene expression accompanied by loss of the lymphoid enhancer- 
binding factor 1 (LEF-1) in murine somatic cell hybrids. MoI. Cell. Biol., 13: 
1943--1950, 1993. 

10. Greenberg, A., Bet, R., Kra, O. Z., and Laskov, R. Extinction of expression of 
immunoglobulin genes in myeloma • fibroblast somatic cell hybrids. Mol. Cell. 
Biol., 7: 936--936, 1987. 

11. Bergman, Y., Strich, B., Sharir, H., Bet, R., and Laskoy, R. Extinction of lg gene 
expression in myeloma • fibroblast somatic cell hybrids is accompanied by repres- 
sion of the oct-2 gene encoding a B-cell specific transcription factor. EMBO J., 9: 
849~855, 1990. 

12. Junker, S., Pederson, S., Schreiber, E., and Matthias, R Extinction of an immuno- 
globulin promotor in cell hybrids is mediated by the octamer motif and correlates with 
suppression of Oct-2 expression. Cell, 61: 467M-74, 1990. 

13. Klemsz, M. l., McKercher, S. R., Celada, A., Van Beveran, C., and Maki, R. A. The 
macrophage and B-cell-specific transcription factor PU.1 is related to the ets onco- 
gene. Cell, 61: 113-124, 1990. 

14. Goebl, M. G., Moreau-Gachelin, E, Ray, D., Tambourin, P., Tavitian, A., Klemsz, 
M., McKercher, S. R., Celada, A., Van Beveran, C., and Maki, R. A. The PU.1 
transcription factor is the product of the putative oncogene Spi-1. Cell, 61: 
1165-1166, 1990. 

15. Moreau-Gachelin, E, Tavitian, A., and Tambourin, P. Spi-1 is a putative oncogene in 
virally induced murine erythroleukemias. Nature (Lond.), 331: 277-280, 1988. 

16. Paul, R., Schetze, S., Kozak, S. L., Kozak, C. A., and Kabat, D. The Sfpi-1 proviral 
integration site of Friend erythroleukemia encodes the ets-related transcription factor 
PU.1. J. Virol., 65: 464--467, 1991. 

17. Hickstein, D. D., Baker, D. M., Gollahon, K. A., and Back, A. L Identification of the 
promoter of the myetomonocytic leukocyte integrin CDIlb. Ptoc. Natl. Acad. Sci. 
USA, 89: 2105-2109, 1992. 

18. Pongubala, J. M., Nagulapalli, S., Klemsz, M. J., McKercher, S. R., Maki, R. A., and 
Atchison, M. L. PU.I recruits a second nuclear factor to a site important for immu- 
noglobulin 3' enhancer activity. Mol. Cell. Biol., 12: 368-378, 1992. 

19. Rosmarin, A. G., Levy, R., and Tenen, D. G. Cloning and analysis of the CD18 
promoter. Blood, 79: 2598-2604, 1992. 

20. Davidson, R. L., and Gerald, P. S. Improved techniques for the induction of mam- 
malian cell hybridization by polyethylene glycol. Somatic Celt Genet., 2: t65-176, 
1976. 

21. Littlefield, J. W. Selection of hybrids from mating of fibroblasts in vitro and their 
presumed recombinants. Science (Washington DC), 145: 70%710, 1964. 

22. Yoshida, M., Ikeuchi, T., and Sasaki, M. Differential staining of parental chromo- 
somes in intraspecific cell hybrids with a combined quinacrine and 33258 Hoechst 
technique. Proc. Jpn. Acad., 51: 185-187, 1975. 

23. Maniatis, T., Fritsch, E. F., and Sambrook, J. Molecular Cloning: A Laboratory 
Mannual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory, 1989. 

24. Mitani, K., Takahashi, 5i., and Kominami, R. A GGCAGG motif in minisatellites 
affecting their germline instability. J. Biol. Chem., 265: 15203-15210, 1990. 

25. Chomczynski, P., and Sacchi, N. Single-step method of RNA isolation by acid 
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem., 162: 
156-159, 1987. 

26. l~ve, J. M., Knight, A. M., McAleer, M. A., and Todd, J. A. Towards construction of 
a high resolution map of the mouse genome using PCR-analysed microsatellites. 
Nucleic Acids Res., 18: 4123-4130, 1990. 

27. Ray, D., Culine, S., Tavitian, A., and Moreau-Gachelin, E The human homologue of 
the putative proto-oncogene Spi-l: characterization and expression in tumors. Onco- 
gene, 5: 663-668, I990. 

28. Adams, J. M., Gerondakis, S., Webb, E., Mitchell, J., Bernard, O., and Cory, S. 
Transcriptionally active DNA region that rearranges frequently in murine lymphoid 
tumors. Proc. Natl. Acad. Sci. USA, 79: 6966-697(I, 1982. 

29. Moreau-Gachelin, E, Ray, D., Mattei, M. G., Tambourin, P., and Tavitian, A. The 
putative oncogene 5]oi-1: murine chromosomal localization and transcriptional acti- 
vation in murine acute erythroleukemias. Oncogene, 4: 1449-1456, 1989. 

30. Mitchell, P, J., and Tjian, R. Transcriptional regulation in mammalian cells by se- 
quence-specific DNA binding proteins. Science (Washington DC), 245: 371-378, 
1989. 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/23/5759/2452728/crs0530235759.pdf by guest on 19 M

ay 2023



EXTINCTION OF PU.I IN CELL HYBRIDS 

31. Widen, S. G., and Papaconstantinou, J. Extinction of a-fetoprotein gene expression in 
somatic cell hybrids involves cis-acting DNA elements. Mol. Cell. Biol., 7: 
2606-2609, 1987. 

32. Yu, H., Porton, B., Shen, L., and Eckhardt, L. A. Role of the octamer motif in hybrid 
cell extinction of immunoglobtdin gene expression: extinction is dominant in a two 
enhancer system. Cell, 58: 441-448, 1989. 

33. Cereghini, S., Yaniv, M., and Cortese, R. Hepatocyte dedifferentiation and extinction 
is accompanied by a block in the synthesis of mRNA coding for the transciption factor 
HNF-1. EMBO J., 9: 2257-2263, 1990. 

34. Besnard, C., Monthioux, E., Loras, P., Jami, J., and Daegelen, D. Extinction of the 
human insulin gene expression in insulinoma • fibroblast somatic cell hybrids 
involves c/s-acting DNA elements. J. Cell. Physiol., 146: 349-355, 1991. 

35. Bulla, G. A., DeSimone, V., Cortese, R., and Fournier, R. E. K. Extinction of 
rvl-antitrypsin gene expression in somatic cell hybrids: evidence for multiple controls. 
Genes Dev., 6: 316--327, 1992. 

36. Gorman, C. M., Rigby, P. W., and Lane, D. P. Negative regulation of viral enhancers 
in undifferentiated embryonic stem cells. Cell, 42: 519-526, 1985. 

37. Tsukiyama, T., Niwa, O., and Yokoro, K. Mechanism of suppression of the long 
terminal repeat of Moloney leukemia virus in mouse embryonal carcinoma cells. Mol. 
Cell. Biol., 9: 4670--4676, 1989. 

38. Furukawa, K., Yamaguchi, Y., Ogawa, E., Shigesada, K., Satake, M., and Ito, Y. A 
ubiquitous repressor interacting with an F9 cell-specific silencer and its functional 
suppression by differentiated cell-specific positive factors. Cell Growth & Differ., 1: 
135-147, 1990. 

39. Haggarty, A., Ponton, A., Paterno, G. D., Daigneault, L., and Skup, D. An embryonic 
DNA-binding protein specific for a region of the human IFN/31 promoter. Nucleic 
Acids Res., 16: 10575--10592, 1988. 

40. Lenardo, M. J., Staudt, L., Robbins, P., Kuang, A., Mulligan, R. C., and Baltimore, D. 
Repression of the IgH enhancer in teratocarcinoma cells associated with a novel 
octamer factor. Science (Washington DC), 243: 544-546, 1989. 

41. Ben-Shushan, E., Pikarsky, E., Ktar, A., and Bergman, Y. Extinction of 0ct-3/4 gene 
expression in embryonal carcinoma • fibroblast somatic cell hybrids is accompanied 
by changes in the methylation status, chromatin structure, and transcriptional activity 
of the 0ct-3/4 upstream region. Mol. Cell. Biol., 13: 891-901, 1993. 

5765 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/23/5759/2452728/crs0530235759.pdf by guest on 19 M

ay 2023


