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Differential Control of U1 Small Nuclear RNA Expression 
During Mouse Development 

Abstract. During normal mouse development the relative amounts of two types of 
Ul  small nuclear RNA's (UI RNA) change signijicantly. Fetal tissues have com- 
parable levels of the two major types of mouse UI RNA's, mUla and mUlb,  
whereas most differentiated adult tissues contain only mUla RNA's. Those adult 
tissues that also accumulate detectable amounts of embryonic (mUlb) RNA's Cfor 
example, testis, spleen, and thymus) contain a signiJicant proportion of stem cells 
capable of further differentiation. Several strains of mice express minor sequence 
variants of Ul  RNA's that are subject to the same developmental controls as the 
major types of adult and embryonic UI RNA. The differential accumulation of 
embryonic UI RNA's may influence the pattern of gene expression during early 
development and differentiation. 
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U1 small nuclear RNA (U1 RNA) ( I )  
is essential in the processing of messen- 
ger RNA precursors (pre-mRNA's) (2). 
The U1 ribonucleoprotein particle (U1 
snRNP), which contains U1 RNA plus a 
set of seven to nine proteins (3), appears 
to function in the recognition of 5' splice 
sites of pre-mRNA (4). 

Since pre-mRNA splicing occurs in all 
eukaryotic cells (5) it has generally been 
assumed that the genes for U1 RNA and 
snRNP-associated proteins are ex- 
pressed constitutively as "housekeep- 
ing" genes (6). We demonstrated, how- 
ever, that a class of the Xenopus laevis 
U1 RNA genes (which we called embry- 

onic U1 RNA genes) was subject to 
control of expression during develop- 
ment (7). On the basis of that obser- 
vation, we proposed that differential 
expression of certain genes for U1 
RNA's or U1 snRNP proteins might re- 
sult in changes in pre-mRNA splicing 
patterns. We now report that the expres- 
sion of mouse U1 RNA genes is also 
developmentally controlled and that two 
types of mouse U1 RNA's exist; one is 
found in all cells, whereas the other is 
present primarily in embryonic tissues. 

The U1 RNA's in brain, liver, and 
testis isolated from mouse embryos or 
adult mice were analyzed by Northern 
blot hybridization (8) (Fig. 1, A and B). 
At all stages of fetal development, these 
tissues contained mU la  and mU lb, the 
two major types of mouse U1 RNA that 
had previously been identified in mouse 
tumor cells (3) (see also below). In con- 
trast to fetal tissues or the testis, the 
brain and liver of newborn or adult mice 
contained primarily mUla RNA and lit- 
tle or no mUlb RNA. The relative 
amounts of the U1 RNA's in brain and 

liver were unaffected by the sex of the 
mice from which these tissues had been 
isolated. 

The changes in the relative amounts of 
mU la  and mU lb  RNA's, as a function of 
time after fertilization, were examined 
by analyses of RNA's isolated from 
brain, liver, or testis (Fig. 1B). In both 
liver and brain the level of mUlb RNA's 
decreased continuously from day 13 af- 
ter fertilization (day 0 is day of plug) until 
it was undetectable at about 1 or 2 weeks 
after birth. The same pattern was ob- 
served for kidney. The apparent half-life 
of the mUlb RNA's was about 4 or 5 
days, which is similar to the previously 
reported half-life of U1 RNA in HeLa 
cells ( I ) .  This decrease in mUlb RNA 
levels may be due to a higher rate of 
turnover of mUlb RNA's or to a reduc- 
tion in the number of cells containing 
mUlb RNA in these tissues. 

In testis, a different pattern of differen- 
tial accumulation was observed (Fig. 
1B). Shortly after birth of the mice, the 
mUlb RNA's began to increase rapidly 
so that in testes of 4- to 6-week-old mice, 
mUlb RNA's accounted for about 50 
percent of the total U1 RNA. Since the 
number of germ cells in testes show 
similar changes during late fetal and 
postnatal development (9), the differ- 
ential accumulation of embryonic U1 
RNA's in the developing testis is consist- 
ent with the notion that mUlb RNA's 
are expressed in the pre-spermatid cells 
but not in other types of cells in the 
testis. 

We showed that the presence of mUlb 
RNA in the embryos resulted from the 
state of differentiation of the tissues rath- 
er than from the rapid rate of cell divi- 
sion in embryonic tissues. Three second- 
ary cultures of skin fibroblasts, all grow- 
ing with a generation time of about 24 
hours, were analyzed for their ability 
to synthesize mUlb RNA. Fibroblasts 
from day 13 embryos produced both 
mUla and mUlb RNA's, whereas fibro- 
blasts from late embryos (days 16 to 18) 
or neonates synthesized only mUla  
RNA. 

A minor variant of mUlb RNA (mid- 
dle band in Fig. 1, A and B) is also 
evident in fetal tissues from inbred strain 
ICWAu mice (10). This variant (called 
mU lb-3 RNA) and additional variants of 
mUlb and mUla RNA's found in tissues 
from other strains of mice (Fig. 2) were 
tentatively classified as mUla (adult) or 
mUlb (embryonic) RNA's according to 
their patterns of differential accumula- 
tion; variants present in both adult and 
fetal tissues were called mUla RNA's, 
whereas those species found only in fetal 
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tissues were termed mUlb RNA's. 
These assignments were confirmed by 
nucleotide sequence analyses of uni- 
formly labeled RNA's. 

The variant U1 RNA sequences are 
summarized in Fig. 3. The major mUla 
species that was originally character- 
ized, (3), is referred to as mula-1, and 
the minor mula-like variant is referred 

A LTlSv Fig. 1 (left). Differential accumulation of U1 
RNA's during normal mouse development. 

E, = E_ (A) Northern blot analysis (8) of accumulated . , r n 3 S * m  - 
I .r 2 g U1 RNA's in total embryos or brain and liver ' = ' + u1 tissues from ICWAu mice and embryos (10). 

b r - The U 1 RNA in the minor band (mu lb-3) was 
m u l s r =  L = identified by nucleotide sequence analysis of 

1 2 3 4 5 6 7 8  
32P-labeled U1 RNA isolated from tissue cul- 
ture cells (Fig. 2). (B) Time course of expres- 

ICR LT'Sv lCRIAu BALB1cAu sion of embryonic U1 RNA's during mouse ---- 
m * - m - development. Testis, brain, and liver tissues, - - , - -  . . m 2 f isolated at the indicated times during fetal and 
+ J I postnatal development of ICWAu mice, were 

Lo 
assayed for the relative levels of mUla (adult) 
and mUlb (embryonic) RNA's as above (in- 

' [) - Ir - - r, sert). The percentage of the total U1 RNA 
1 2  3 4  5 8  (mula plus mUlb) corresponding to embry- 

onic (mu lb) RNA's was determined by densi- 
tometric scanning of autoradiograms. Fig. 2 (right). Tissue and strain specificities of the 
expression of mouse U1 RNA genes. (A) The U1 RNA's of different tissues isolated from one 
female (lanes 1 through 6) or one male (lanes 7 and 8) LT mouse (10) were analyzed as in Fig. 
IA. Lanes 1 through 7 contained the U1 RNA's corresponding to about 0.5 to 1.0 x lo6 cells (8), 
whereas lane 8 contained the RNA's of about lo6 mature sperm. The different species of mUla 
and mUlb RNA's observed in tissues from LT mice were identified by nucleotide sequence 
analyses of U1 RNA's isolated from LT-C18 cultured cells (Table 1). (B) Liver and testis 
RNA's, isolated from different strains of mice (lo), were analyzed for U1 RNA's by Northern 
blot hybridization, as above. 

to as mula-2. Likewise, the major 
m u  l b  species (3) is called m u  1 b- 1, and 
the mUlb variants identified by us are 
called mUlb-3 and mUlb-6 (Fig. 3A). 
Additional mUlb variants, which were 
recently identified by Kato and Harada 
(11) in cultured cells from different 
strains of mice, were called mUlb-2, -4, 
and -5. The seven nucleotide differences 

Table 1. Levels of somatic (mula) and embryonic (mUlb) U1 RNA's in cultured mouse cells. 
For the sources of various cell lines, see (21). Abbreviations: EC, embryonal carcinoma; non- 
EC, differentiated cells (including a variety of embryo-derived tissue types); PE, primitive 
endoderm; VYS, visceral yolk sac; and PYS, parietal yolk sac. 

mUla mUlb 
Cell Cell Mouse 
line type strain Per- Per- 

cent Type* cent Type* 

Teratocarcinoma-derived cells 
LT-CIS EC LT 67 1 , 2  33 1 , 6  
LTO-1 EC LT 56 1 , 2  44 1 , 6  
LTO-1 DIFF Non-EC LT 93 1 , 2  7 I t  
F9 EC 129 46 1 , 2  54 1, 3, 6 
F9 + RA PYS 129 45 1 , 2  55 1 , 3 t  
129 DIFF Non-EC 129 87 1 , 2  13 1, 3t  
1 H5 PE LT 70 1 , 2  30 I t  
1H5 cysts VYS LT 70 1 , 2  30 I t  

Transformed cells 
D7 Fibrosarcoma C3H 64 1 36 I t  
C1300 Neuroblastoma A 64 1 36 1, 3t  
B16 Melanoma C57BU6 82 1 , 2  18 I t  
RAG Renal adenocarcinoma BALBIc 88 1 12 I t  
1848 Lymphoma BALBIc 88 1 12 1 
El02 Lymphoma C57BU6 80 1, 2 20 1 

Untransformedfibroblasts 
NIH 3T3 Swiss >98 1 , 2  <2 
BALBIc 3T3 BALBIc >98 1 <2 
C3HllOT112-CIS C3H/He >95 1 <5 
C127 RIII >99 1 <1 

*The types of U1 RNA variant (see Fig. 3). tThe Northern blot hybridization used for these analyses does 
not dist~nguish between mUlb-l and mUlb-6 RNA's. 

1272 

distinguishing all mUlb RNA's from the 
mUla RNA's are clustered in the region 
between positions 60 and 77. As shown 
in the insert of Fig. 3B, these changes 
probably allow for the formation of an 
alternate stem-loop structure. Signifi- 
cantly, digestion with RNase T2 re- 
vealed that the ribose-methylation of res- 
idue in mUla RNA's was absent 
from all mUlb RNA's. It is unclear 
whether this altered methylation pattern 
results directly from RNA structural 
changes (for example, the more stable 
stem or the extra nucleotide in the loop) 
or indirectly from a change in the way 
one or more snRNP-associated proteins 
binds to the RNA. The significance (if 
any) of the additional scattered nucleo- 
tide differences between variants is not 
clear. Because the minor variants of 
m u  l a  and mUlb RNA's are strain-spe- 
cific (rather than common to all mice), 
we feel that these heterogeneities of U1 
RNA sequences probably do not have a 
functional role; more likely, they reflect 
polymorphisms of the U1 RNA genes. 
As such, the minor variants may be 
useful for chromosomal mapping of 
mouse U1 RNA genes or as a measure of 
the relatedness of strains of mice. 

We screened a variety of other adult 
tissues to determine if any of them accu- 
mulated mUlb RNA's (Fig. 2A). No 
mUlb RNA's were present in adult kid- 
ney, but small amounts were consistent- 
ly found in several other tissues that 
contain a significant proportion of germ- 
line or immature stem cells capable of 
further differentiation, such as thymus, 
spleen, and ovary. Adult testes had a 
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high level of mUlb RNA (lane 7 in Fig. 
IB); in contrast, mature sperm were de- 
void of U1 RNAs (lane 8) as well as other 
snRNA's (data not shown). Testes con- 
tain high levels of germ cells (9); ovaries 
contain a lower fraction of germ cells and 
they have a lower level of mUlb RNA's. 
Thus, these observations indicate that 
mUlb RNA's may be expressed in adult 
tissues only in certain cells of the hema- 
topoietic and germlines. 

The generality of the differential 
expression of mUlb RNA's during de- 
velopment was established by analyses 
of the U l  RNA's in other strains of mice 
(Fig. 2B). In all cases, high levels of 
embryonic (mUlb) RNA's were ob- 
served only in fetal tissues and in adult 
testes; small amounts were found in 
spleen, thymus, and ovary. 

Certain strains of mice, including LT 
and 129, develop spontaneous teratocar- 
cinomas or teratomas at high frequencies 
(12, 13). Established embryonal carcino- 
ma (EC) cell lines derived from the plu- 
ripotent stem cells of such tumors pro- 
vide a model system for early mouse 
embryogenesis (14). The relative 
amounts of mUla and mUlb RNA's in 
cells derived from these lines are sum- 
marized in Table 1. As expected, cul- 
tured EC cells express very high levels 
of embryonic mUlb RNA's (for exam- 
ple, lines LT-C18, LTO-1, and F9 in 

tically transformed cells assayed in this 
study accumulate varying but significant 
amounts of mUlb RNA's (Table I). 
In contrast, contact-inhibited, untrans- 
formed NIH-3T3, BALBIc-3T3, 
C3HllOT112, and C127 fibroblasts ex- 
press mUla RNA's almost exclusively. 
Since C127 mouse fibroblasts trans- 
formed by bovine papilloma virus do not 
accumulate detectable levels of mUlb 
RNA's (It?), morphological transforma- 
tion in itself does not result in the expres- 
sion of genes for mUlb RNA's. 

These data extend our earlier observa- 
tion (7) that expression of some U l  RNA 
genes is developmentally controlled. The 
fact that this control occurs in both frogs 
and mice suggests that it may be func- 
tionally significant, perhaps by modify- 
ing the pattern of pre-mRNA splicing. 
Another possibility is that embryonic U1 
RNA's represent fetal or developmental 
markers with no inherent functional dif- 

ference from the adult U1 RNA's. For 
this reason, it will be important to de- 
termine whether developmentally con- 
trolled U1 RNA's participate with com- 
parable efficiency and specificity in 
mRNA processing reactions. 

A common feature of the embryonic 
U1 RNA's of mice (this study) and frogs 
(7) is the absence of methylation of nu- 
cleotide A7@ It is possible that in some 
tissues or in other species, the control of 
U1 RNA function could be modulated by 
post-transcriptional nucleotide modifica- 
tion of a single product rather than by 
transcription of groups of genes. RNA 
base modification could influence (or be 
influenced by ) the way these U1 RNA's 
interact with specific proteins to form 
functional U1 snRNP particles (3). In X. 
laevis, the accumulation of a group of 
Sm-antigenic snRNP-associated proteins 
is modulated during development (19) in 
a pattern that is coincident with the 

Table 1). In contrast, non-EC cells iso- 
Fig. 3. Nucleotide sequences lated from a highly differentiated primary of variant U1 RNA,s. Hybrid- 

LT teratocarcinoma or 129 teratoma tu- selected ~1 R N A ' ~  of F9 em- 
6 33 A 9 C 

I? n - - 
mor contain only small amounts of bryonal carcinoma cells (IS), u A 
mUlb RNA's ( L T ~ - l - D I ~ ~  and 129- labeled with 3 2 ~ 0 4 3 - ,  were A A 

separated by polyacrylamide 0 0 
DIFF in Table 1) (1.5). u o 

gel electrophoresis into four rng~pppb 1 A-u mula- I 
In vitro differentiation of some EC bands (ICR testis in ~ i ~ .  2~3) .  urn c-a 

cells produces a limited number of cell The RNA of each band was A C-0 
types, which may correspond to only further purified (by electro- C A-U 

M u I 
early stages of embryonic development. 
Treatment of cultured F9 EC cells with 
retinoic acid plus cyclic adenosine mo- 
nophosphate (cyclic AMP) (resulting in 
the formation of parietal yolk sac) (16) 
did not lead to changes in the pattern 
of U1 RNA accumulation (F9 versus 
F9+RA in Table I). In addition, visceral 
yolk-sac cysts of 1H5 cells that develop 
in vitro (17) accumulated the same high 
level of mUlb RNA's as the progenitor 
monolayer of lH5 primitive endoderm 
cells (Table 1). Thus it appears that the 
mUlb RNA genes remain fully ex- 
pressed during the early stages of embry- 
onic differentiation represented by these 
teratocarcinoma-derived cells. These re- 
sults are consistent with our observation 
that mUlb RNA's are abundant in 7- to 
8-day embryos (Fig. lA), which are still 
in early stages of development. 

All of the established lines of neoplas- 

phoresis in a second gel) be- 
fore ribonuclease TI  digestion 
and fingerprinting. (A) Partial 
U1 RNA sequences showing 
the nucleotide differences be- 
tween the variants of mUla 
and mUlb RNA's. The top 
line shows the mula - l  se- 
quence and indicated below it 
are the ribonuclease TI oligo- 
nucleotides, which differ in 
other m u 1  RNA's. The 
mUlb-l and mUlb-6 RNA's 
(which comigrate in the gels of 
Fig. 1) are identical in se- 
quence in the region shown 
here, but differ at several posi- 
tions closer to the 3' terminus. 
(B) Secondary structure of 
mouse U1 RNA's. The com- 
plete nucleotide sequence of 
mula - l  (11) is shown in the 
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secondary structure proposed 
by Mount and Steitz (20). The nucleotide changes observed in the mUlb and the other variant 
mu1  RNA's are indicated. The insert shows the alternative stem-loop structure of the 
sequences around residue in the mUlb RNA's. The nucleotide sequence of the 3' terminus 
of mUlb-6 RNA was determined by Kato and Harada (11). 
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Screen Plus membrane (New England Nuclear). 
32P-labeled U1 RNA specific probes were pre- 
pared by transcription of pSP641-U1 (E. T. 
Schenborn and R. C. Mierendorf, Nucleic Acids 
Res., in press) with SP6 RNA polymerase [D. A. 
Melton et a/., ibid. 12, 7035 (1984)l by use of the 
Riboprobe system (Promega Biotec). After hy- 
bridization in 0.9M NaCI, 1 percent SDS, 10 mM 
tris-HC1, pH 7.6, and 1 mM EDTA for 18 to 24 
hours at 68°C the blots were washed twlce for 
20 minutes in 3 x  standard saline citrate (SSC) 
and 1 percent SDS at 60°C and then rinsed 
briefly at room temperature in 0.1 x SSC. Auto- 
radiograms were obtained by exposure of XR5 
Kodak x-rav film (without intensifvine screen) * - 
for 1 to I0 hours. ' 

9. Mitotic division of germline cells in the develop- 
ing testis stops around day 12 or 13 of gestation 
and is not resumed until shortly after birth. 
During that period the actual number of germ 
cells in the testis decreases bv about 50 percent. 
Spermatogenesis is initiated a few days after 
birth coincident with the beginning of mitotic 
division of germ cells [A. R. Bellv6 et al., J .  Cell 
Biol. 74, 69 (1977); H. Peters, Philos. Trans. R.  
Soc. London Ser. B ,  259, 91 (1970)l. 

10. Inbred ICWAu mice [R. Auerbach, J. B. Hay, 
L. Kubai, J .  Physio!. (London) 307, 465 (1980)l 
and BALBlc Au mlce were obtained from R. 
Auberbach (Department of Zoology, University 
of Wisconsin, Madison). LT mice were from a 

Molecular Cloning of Complementary DNA for the Alpha 
Subunit of the G Protein That Stimulates Adenylate Cyclase 

Abstract. A complementary DNA clone encoding the a subunit of the adenylate 
cyclase stimulatory G protein (G,) was isolated and identified. A bovine brain com- 
plementary DNA library was screened with an oligonucleotide probe derived from 
amino acid sequence common to known Gproteins. The only clone that was obtained 
with this probe has a complementary DNA insert of approximately 1670 base pairs. 
An antibody to a peptide synthesized according to deduced amino acid sequence 
reacts spec$cally with the a subunit of G,. In addition, RNA that hybridizes with 
probes made from the clone is detected in wild-type S49 cells; however, cyc- S49 
cells, which are dejicient in G,, activity, are devoid of this messenger RNA. 
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The activity of hormone-sensitive aae- 
nylate cyclase is regulated by at least 
two guanine nucleotide-binding proteins 
(G proteins) (I). The stimulatory G pro- 
tein, G,, which has been purified to 
homogeneity (2), is a heterotrimer (2, 3). 
The guanine nucleotide-binding a sub- 
unit exists as two predominant species 
(M,, 52,000 and 45,000), which are 
thought to be products of a single gene. 
The a subunit of G, is the activator of the 
catalytic moiety of the adenylate cyclase 
complex. The molecular sizes of the p 
and y subunits are approximately 35,000 
and 8,000 daltons, respectively. A ho- 
mologous oligomer, Gi, mediates hor- 
monal inhibition of adenylate cyclase (4); 
it has a distinct a subunit (41,000 dal- 
tons), while its p and y subunits are 
functionally indistinguishable from those 

of G,. Dissociation of the shared py 
subunit complex of Gi and its subsequent 
interaction with G,, are thought to be 
responsible for inhibition of adenylate 
cyclase (4, 5). A third G protein, Go, is 
abundant in brain, and its a subunit is 
39,000 daltons. The a subunits of Gi and 
Go may interact with other specific effec- 
tors that are distinct from adenylate cy- 
clase (I). Go may also function as an 
inhibitor of adenylate cyclase, since it 
too shares an indistinguishable py sub- 
unit complex (6). The G protein family 
also includes transducin, which mediates 
the activation by rhodopsin of a cyclic 
GMP-specific (guanosine monophos- 
phate) phosphodiesterase in the retinal 
rod outer segment ( 7 ) .  The sequences of 
complementary DNA's (cDNA's) for the 
a and y subunits of transducin have been 
reported (8, 9). Structural and functional 
relations between G proteins and the 
products of the ras genes in yeast and in 
higher organisms have also been noted 
(10-12). 

Comparison of partial amino acid se- 
quences of polypeptides near the NH2- 
termini of the a subunits of bovine trans- 
ducin and Go (12) reveals a region con- 
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