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Two Mechanisms for the Extinction of Gene 
Expression in Hybrid Cells 

When two different mammalian cell types are fused to generate a stable hybrid cell line, 
genes that are active in only one of the parents are frequently shut off, a phenomenon 
called extinction. In this study two distinct, complementary mechanisms for such 
extinction of growth hormone gene expression were identified. In hybrids formed by 
&sing fibroblasts to pituitary cells, pituitary-specific proteins that bind to the growth 
hormone promoter were absent. In addition, a negative regulatory element located 
near the rat growth hormone promoter was specifically activated. 

T HE GROWTH HORMONE GENE IS EX- 

pressed only in specialized pituitary 
cells called somatotrophs (1) and has 

provided an excellent system for studies of 
cell-type specificity of gene expression (2-9). 
Since neither fibroblasts nor hybrids be- 
tween fibroblasts and pituitary cells express 
detectable levels of growth hormone mRNA 
(lo), growth hormone also provides an ex- 
cellent model for study of extinction of gene 
expression in cell hybrids. 

Detailed characterization of the rat 
growth hormone (rGH) gene has identified 
both trans-acting factors and cis-acting 
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DNA sequences thought to be responsible 
for cell type-specific expression. Extracts 
from rat pituitary cells contain proteins that 
bind specifically to sites in the rGH promot- 
er between approximately -95 and -60, 
and between -140 and - 115, relative to 
the start of the mRNA (2-6). A protein 
originally called GC1 (2) appears to bind to 
both sites. There is direct evidence from in 
vitro transcription experiments that this pro- 
tein, which is found only in pituitary cells, is 
required for activation of the rGH promoter 
(6 ) .  An additional protein, found in both 
pituitary and nonpituitary cell types, binds 
only to the latter, distal site and will be 
referred to here as GC2 (3). Analogous 
results have been obtained from analysis of 
proteins binding to the human growth hor- 
mone (hGH) promoter (7), which is similar 
in sequence to the rGH promoter in this 
area. 

A cis-acting, cell type-specific negative 
regulatory element, termed a silencer, has 

also been mapped just upstream of the rGH 
promoter (8, 9). The silencer acts to repress 
rGH promoter activity in nonpituitary cells, 
but has no effect on expression in pituitary 
cells. It seems that a combination of positive 
and negative regulatory elements generates 
the correct, cell type-specific expression of 
the rGH gene. 

To investigate the mechanism of extinc- 
tion of rGH expression, we used hybrid cell 
lines formed by &sing a hypoxanthine-gua- 
nine phosphoribosyl transferase-deficient 
(HGPRT-) derivative of rat pituitary GH4 
cells to a thymidine kinasedeficient (TK-) 
derivative of mouse fibroblast L cells 
(LTK-) . Several independent stable hybrids 
were subcloned and screened for the pres- 
ence of the rat and mouse growth hormone 
(GH) genes by DNA blotting with a full- 
length rGH cDNA probe (11). Both genes 
were present in all of the subclones, demon- 
strating that they are true hybrids (Fig. 1A). 
The hybrids and parental cell lines were also 
analyzed for the presence of rGH mRNA. 
As expected (lo), there was a high level of 
rGH mRNA in the GH4 cells, but no 
detectable rGH mRNA in either the LTK- 
cells or the hybrids (Fig. 1B). 

We used the deoxyribonuclease I (DNase 
I) protection assay to test nuclear extracts 
of both parents and the hybrid lines 
PTlCL5 and PTlCL6 for rGH promoter 
binding proteins (Fig. 2). As expected, ex- 
tracts from GH4 cells generated footprints at 
both the proximal GC1 binding site and the 
distal binding site for GC1 or GC2 (labeled 
GC2 in Fig. 2). In addition, a third foot- 
print was seen between -240 and -220. 
We examined a number of cell types and 
found this protein, which we call GC3, only 
in pituitary cells (12), although there is 
evidence that some nonpituitary cells may 
contain a protein that interacts with this area 
(4, 5 ) .  

Extracts from LTK- cells and the hybrid 
PTlCL5 showed a footprint at the distal 
GC2 binding site, but not the proximal GC1 
binding site or the GC3 binding site (Fig. 
2). Essentially identical results were ob- 
tained with the independent hybrid line 
PTlCL6. The presence of GC2 in the 
LTK- cells was somewhat unexpected (3, 
5) ,  but is in agreement with results obtained 
with the hGH promoter (7). To determine 
whether the LTK- extracts contained an 
activity that prevented binding of the pitu- 
itary proteins, the two parental extracts were 
mixed in various proportions and used for 
footprinting. As would be expected if GC1 
and GC3 were simply absent in the LTK- 
cells, both the proximal GC1 footprint and 
the GC3 footprint were observed at the 
expected GH4 extract concentrations. We 
conclude that the expression or activity of 
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both GC1 and GC3 is repressed in the (CAT)-expressingplasmids containingvari- 
hybrids, relative to the GH4 parent. able amounts of the rGH promoter and 5' 

To assay for activity of the rGH silencer, flanking sequences were transfected into G& 
three chloramphenicol acetyltransferase cells, LTK- cells, and the hybrid PTlCL5 

A 0 B Fig. 1. Rat pituitary 
i u x mouse fibroblast hy- 

G u o  f u u , brids. An HGPRT- 
2 o E F p  + 0 F  F I subline of GH4 cells was 

3 l i u a a a  " a a selected with 8-azaguan- 
ine and fused to LTK- 
cells by use of polyethyl- 
ene glycol (PEG) (19, 
20). Stable hybrids were 
selected with hypoxan- 
thine, aminopterin, and 
thymidine (HAT) medi- 
um (21) and subcloned. 
(A) DNA blot. DNA 
from hybrids, both pa- 
rental lines, and another 
pituitary cell line (GC), 
as indicated, was digest- 
ed with Hind 111, sepa- 

rated by electrophoresis, blotted, and probed with an rGH cDNA probe (11) by means of standard 
techniques (22). The molecular sizes of the hybridizing bands are 4.4 kb (mouse) and 5.6 kb (rat). (B) 
RNA blot. Total RNA from the indicated hybrids, parental cells, and GC cells (20 pg from each) was 
separated by electrophoresis on a formaldehyde agarose gel, blotted onto a nitrocellulose filter, and 
hybridized to an rGH cDNA probe (1 I), by use of standard techniques (22). The molecular size of the 
hybridizing band is approximately 900 nucleotides. Cells were propagated in the presence of 10% fetal 
bovine serum. Under these conditions, rGH expression is partially induced by the thyroid hormone 
present in the fetal bovine serum. Identical results were obtained with two independent preparations of 
RNA isolated at different times during the propagation of the hybrids. 

Fig. 2. Proteins binding to the rGH promoter. Vertical lines indicate extent of footprints for the three 
proteins. (A) Sense strand footprints were obtained by means of an end-labeled rGH promoter 
fragment extending from -237 (Bgl 11) to -57 (Sty I). Lane 1, chemical sequencing guanine reaction; 
lanes 2 and 9, control DNase I with no added extract; lanes 3 to 8, DNase I footprinting with nuclear 
extract from LTK- cells (lane 3, 10 pg of extract; lane 4,20 pg), GH4 cells (lane 5, 10 pg; lane 6,20 
pg), and PTlC15 cells (lane 7, 10 pg; lane 8,20 pg). (B) Antisense strand footprints were obtained by 
use of a labeled fragment extending from -20 (Sph I) to -455 (Ava 11). Lane 1,20 pg of LTK- cell 
extract; lane 2, 20 pg of GH4 cell extract; lane 3, 20 pg of PTlC15 extract; lane 4, DNase I with no 
added extract; lane 5, chemical sequencing guanine reaction. (C) The same samples as in (B) analyzed 
by electrophoresis for a longer period. Nuclear extracts, containing 3 to 7 mg of protein per milliliter, 
were prepared from the different cell types as described (23). DNase I footprinting was carried out as 
described (24). The numbers next to each footprint represent the position of the protected regions 
relative to the rGH mRNA start site. 

cells (Fig. 3). The truncated rGH promoter 
in pRGH237 was slightly less active than 
the herpes virus TK promoter (pUTKAT1) 
in PTlCL5 and LTK- cells and slightly 
more active than TK in GH4 cells. However, 
the additional rGH sequences present in 
both pRGH527 and pRGH387 strongly 
repressed rGH promoter activity in LTK- 
cells and in PTlCL5 (and PTlCM, not 
shown) cells, but had no effect in G& cells. 
These results are consistent with previous 
results obtained with the rGH silencer in 
pituitary cells and fibroblasts (8, 9). 

To confirm that the silencer is active in 
the hybrids, three additional plasmids con- 
taining the Rous sarcoma virus (RSV) en- 
hancer were transfected. Insertion of the 
viral enhancer modestly increased activity of 
the 237-bp rGH promoter in all three cell 
types (Fig. 3). There was no effect in GH4 
cells when the silencer fragment was inserted 
either just upstream of the enhancer or 
between the ;nhancer and the promoter. In 
LTK- cells and the hybrids, insertion of the 
silencer between the promoter and the en- 
hancer strongly decreased CAT expression 
(compare pRGH527Rl and pRGH237R), 
while insertion upstream of the enhancer 
(pRGH527R2) had relatively little effect. 
As a control for position effects on the 
enhancer, we inserted a 75-bp rGH frag- 
ment with no silencer activity either up- 
stream or downstream of the viral se- 
quences. As expected, expression directed by 
these plasmids was not significantly different 
from that directed by pRGH237R. We 
conclude that the rGH silencer is fully acti- 
vated in the hybrids. 

We have examined nuclear extracts for 
proteins binding to the silencer fragment. 
Although no DNase I footprints were seen 
with crude extracts, results with partially 
purified extracts suggest that both the pa- 
rental and the hybrid cell lines contain a 
protein or proteins that bind to two similar 
sequences near -300 and -500. The role of 
thk protein in silencer activity is under 
investigation. 

The results described above identify two 
distinct but com~lementarv mechanisms for 
extinction of rGH expression: (i) repression 
of expression or activity of the cell type- 
specific promoter binding proteins GCl and 
GC3 and (ii) activation of the silencer ele- 
ment. In both aspects the hybrids behave 
very much like the LTK- parent. This 
strongly suggests that the process of extinc- 
tion reflects basic mechanisms that prevent 
expression of genes in inappropriate cell 
types. 

It is difficult to judge the relative effects of 
the two mechanisms on expression of the 
endogenous GH genes in the hybrids. The 
effect of the silencer on expression of trans- 
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fected rGH promoters is strong in both the 
L cells (8, 9)  and the hybrids. A similarly 
strong effect is exerted by GC1 on rGH 
promoter activity in vitro, although some- 
what contradictory results have been ob- 
tained in transfection studies in which G C l  
binding sites were deleted (2, 4, 5). I t  seems 
likely that both positive and negative mecha- 
nisms contribute to the extinction of expres- 
sion of the rGH gene observed in hybrids. 
We have suggested (8, 9) that such a combi- 
nation of positive and negative regulatory 
effects is required to generate the extremely 
strong (>lo8-fold) cell-type specificity of 
rGH expression (13). 

Similar mechanisms may be involved in 
extinction of expression of other genes. This 
predicts, for example, that in lymphoid x fi- 
broblast hybrids (14), the negative regula- 
tory elements that flank the irnmunoglob- 
ulin heavy chain enhancer (15) should be 
activated. Similarly, expression of lymphoid- 
specific imrnut~oglobulin gene promoterkn- 
hancer binding factors (16) may be shut off 
in such hybrids. 

Both positive and negative effects de- 
scribed here could arise from a single, simple 

511 , 
pRGH527 3 2 44 

pRGH237R 565 324 311 

pRGH527R1 'Ii = 50 19 309 

$11 
pRGH527R2 322 157 372 

pUTKATl 190 200 50 

Fig. 3. Transient transfections of parental and 
hybrid cell lines. Relative CAT expression is pre- 
sented as percent of the level of expression direct- 
ed by pRGH237 (8). Results with pUTKAT1, 
which contains the herpes virus TK promoter 
fused to CAT (25), are included for comparison of 
promoter activity. The solid bar represents the 
237-bp rGH promoter-containing fragment, the 
arrows represent additional 5' flanking sequences 
(-237 to -387 in pRGH387, and -237 to 
-527 in other plasmids) that contain the silencer. 
The open boxes represent fragments containing 
the RSV enhancer or TK promoter, as indicated. 
LTK- (L) cells were transfected by use of DEAE 
dextran, and both PTlCL5 and GH4 cells were 
transfected using calcium phosphate as described 
(8). Absolute levels of CAT enzymatic activity 
obtained with pRGH237 averaged 6.1, 9.7, and 
2% of total chlorarnphenicol converted per 100 
kg of protein per 4 hours, for LTK-, pituitary 
cells, and hybrids, respectively. The effects of 
variations in transfection efficiency were elirninat- 
ed by normalizing CAT expression levels to levels 
of hGH expression directed by the cotransfected 
control plasmid pXGH5 (26). Results represent 
averages of at least nine independent transfec- 
tions, in which relative expression varied by less 
than 20%. Results similar to those obtained with 
PTlCL5 were also obtained with the indepen- 
dent hybrid line PTlCL6. 

mechanism. In particular, an L cell factor Growth Hormone and Growth Factor Research, E. Mull- 
er, Ed. (Springer-Verlag, New York, in press). for activating the negative effect 10. J. S. Strobl, P. S. Dannies, E. B. Thompson, J. Biol. 

of the rGH silencer could also act to shut off Chem. 257, 6588 (1982); T. Lufkin and C.  an- 
GC1 or GC3 expression, or both. Examples 
of such a factor may be provided by tenta- 
tively identified negative regulatory loci 
called tissue-specific extinguishers (tse's). 
Expression of the appropriate ire is thought 
to be sufficient to shut off expression of 
tyrosine aminotransferase (1 7 )  or albumin 
(18) in liver x fibroblast hybrids. Similarly, 
a single ise could be sufficient for activation 
of the rGH silencer and repression of the 
rGH promoter binding proteins. Alterna- 
tively, if the two processes are mechanistical- 
ly distinct, it might be possible to separate 
them genetically by approaches analogous to 
those used to identify the liver tse's. 
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Binding of a Cytosolic Protein to the Iron-Responsive 
Element of Human Ferritin Messenger RNA 

The human ferritin H chain messenger RNA contains a specific iron-responsive 
element (IRE) in its 5' untranslated region, which mediates regulation by iron of 
ferritin translation. An RNA gel retardation assay was used to demonstrate the aflinity 
of a specific cytosolic binding protein for the IRE. A single-base deletion in the IRE 
eliminated both the interaction of the cytoplasmic protein with the IRE and transla- 
tional regulation. Thus, the regulatory potential of the IRE correlates with its capacity 
to specifically interact with proteins. Titration curves of binding activity after treat- 
ment of cells with an iron chelator suggest that the factor acts as a repressor of ferritin 
translation. 

ERRITIN IS AN INTRACELLULAR PRO- ly translated (1,2). This regulation occurs in 
tein that sequesters iron. When cells the absence of changes in ferritin mRNA 
are treated with iron, ferritin mRNA levels (3). A 35-nucleotide region in the 5' 

shifts from messenger ribonucleoproteins untranslated region (5' UTR) of human 
(mRNPs) to polysomes and becomes active- ferritin H chain mRNA contains an element 

that is both necessary and sufficient for 
translational remlation'bv iron (4.5). Place- 
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