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U2-snRNP B” Protein Gene Is an Early
Growth-Inducible Gene
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Abstract In this work we isolated mouse U2-snRNP—specific b” clones and analysed the expression of the mouse
U2-snRNP-specific b” and U1-snRNP-specific 70K genes in NIH-3T3 fibroblasts. Stimulation of growth-arrested
NIH-3T3 cells with serum was found to evoke a rapid increase in the amount of cytoplasmic b” and 70K mRNAs. These
increases in MRNA did not require de novo protein synthesis. Moreover, the inhibition of protein synthesis by
cycloheximide caused a superinduction in the amounts of the U1-snRNP—specific 70K transcripts. We also found that
c-Ha-ras¥'? oncogene-transformed NIH-3T3 cells have higher levels of the b” and 70K mRNAs than the normal 373
cells. These data imply that the b” and 70K are early growth response genes, and their enhanced expression might be of
significance in the processing of pre-mRNAs into mature mRNAs.  © 1995 Wiley-Liss, Inc.
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The small nuclear ribonucleoprotein particles
{(snRNPs) participate in the splicing of pre-
mRNA as well as in the maturation of RNA
polymerase II transcripts. The snRNPs are at
least partially assembled in the cytoplasm and
then migrate to the nucleus, where they, to-
gether with the pre-mRNA and hnRNP (heterog-
enous nuclear RNP) proteins, form a spliceo-
some [for reviews see Maniatis and Reed, 1987;
Mattaj, 1988; Steitz et al., 1988; Parry et al.,
1989]. The snRNPs contain one of the unique,
uracil-rich, and nonpolyadenylated small nuclear
RNAs (U1-U8 snRNA) associated with a subset
of at least 14 distinct proteins, including 70K, A,
A',B,B',B", C, D, E, F, and G [Hinterberger et
al., 1983; Pettersson et al., 1984; Reddy and
Busch, 1988; Lithrmann, 1988)]. Seven pro-
teins—B, B’, D, D', E, F, and G—are common in
all snRNPs [Lithrmann, 1988]. The three pro-
teins 70K, A, and C are unique for the Ul-
snRNPs, whereas the A’ and B” are unique for
the U2-snRNPs [Mimori et al., 1984; Pettersson
et al,, 1984)].
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Since the snRNPs are present at 105-10€ cop-
ies/cell [Reddy and Busch, 1988; Liihrmann,
1988], the snRNP protein genes must be effi-
ciently transcribed in proliferating cells. How-
ever, their transcription is poorly understood. It
has been shown that the transcripts of the se-
quenced snRNP proteins are polyadenylated
[Wieben et al., 1985; Habets et al., 1987; Sillek-
ens et al., 1987; Etzerodt et al., 1988; Dam et al.,
1989]. Further, Philipsson and coworkers [Etze-
rodt et al., 1988] have documented that the 70K
transcripts accumulate early during the Xeno-
pus oogenesis.

Here we report the expression pattern of the
mouse U2-snRNP-specific b” and the Ul-sn-
RNP-specific 70K genes in synchronized mouse
3T3 fibroblasts. Since rapid growth and cell
transformation is known to be associated with
an aberrant expression of several genes [Gut-
man and Wasylyk, 1991], including the snRNA
[Reddy et al., 1981] and snRNP genes [Etzerodt
et al.,, 1988], we addressed the question of
whether the mouse U2-snRNP—specific ” and
70K genes are rapidly activated upon serum
stimulation of quiescent cells and whether there
are any differences in the 5” mRNA levels be-
tween the normal and transformed cells. We
further present a characterization of the chroma-
tin structure of the b” gene in the normal and
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c-Ha-rasVe'1? oncogene-transformed NIH-3T3
cells. To our knowledge this is the first report
describing the expression of snRNP genes in
normal and ras oncogene-transformed cells upon
growth stimulation.

EXPERIMENTAL PROCEDURES
Agt11 Cloning and Screening

The U2-snRNP-specific b” clones were ob-
tained by screening a mouse lung carcinoma
Agt11 expression cDNA library (Clontech, Palo
Alto, CA) with an anti-RNP serum from a pa-
tient with an autoimmune disease. Identifica-
tion of the recombinant phage clones, cloning,
and sequencing were carried out as described
[Nyman et al., 1989, 1990].

Cell Culture and Synchronization

The normal NIH-3T3 fibroblasts (N1) and
c-Ha-rasV2112 oncogene-transformed NIH-3T3
cells (E4) cells were grown and synchronized by
serum starvation as described previously [Sis-
tonen et al., 1987; Holtta et al., 1988; Laitinen
et al., 1990]. The DNA content of the cell nuclei
stained with ethidium bromide was analyzed by
flow cytometry (FACScan; Becton-Dickinson,
Immunocytometry Systems, Mountain View,
CA).

Isolation of Nuclei and Cytoplasmic RNA

Nuclei from 5 x 107 to 108 cells were isolated
as described previously [Moreno et al., 1986;
Laitinen et al., 1990]. In brief, the cells lysed in
10 mM Tris-HCI (pH 7.4), 10 mM NaCl, 3 mM
MgCl,, 0.5% NP-40 were centrifuged at maxi-
mal speed in an Eppendorf centrifuge for 10 s,
and the pelleted nuclei were resuspended in
400-1,000 pl of the lysis buffer without NP-40.
The supernatant fraction was used for isolation
of cytoplasmic RNA. The supernatant was
treated with proteinase K (1 mg/ml) for 0.5-3 h
at +37°C and then subjected to extractions with
one volume of neutralized phenol-chloroform
(1:1) and with chloroform. RNA in the aqueous
phase was precipitated with 2.5 volumes of ice-
cold ethanol with 0.3 M sodium acetate, pH 5.2,
overnight at —20°C {Maniatis et al., 1984].

Micrococcal Nuciease Digestions

The MNase (Boehringer Mannheim, Mann-
heim, Germany) digestion was carried out as
described elsewhere [Moreno et al., 1986;
Laitinen et al., 1990].

Isolation of Genomic DNA

DNA was isolated using the protein salting-
out method as described elsewhere [Laitinen
and Holttd, 1994; Laitinen et al., 1994] with the
following modifications. After digestion with pro-
teinase K, 5 M NaCl was added to a final concen-
tration of 1.2 M, and the tubes were vortexed for
30 s. Thereafter, the precipitated proteins were
removed by three successive centrifugations at
400g, 450g, and 500g, for 15 min at +4°C. The
resulting supernatant was transferred into new
tubes, and DNA was precipitated by adding two
volumes of room-temperature ethanol. The pu-
rity of the DNA samples was checked by measur-
ing the O.D. ratio 260/280 nm and was found to
be between 1.7 and 2.

Preparation of Insert Probes for Southern and
Northern Blot Analyses

For detecting mouse b” gene sequences, appro-
priate inserts were generated from the pGEM
clones, pRNP11 (485 bp), pRNP31 (489 bp), or
pJL5 (246 bp) by the polymerase chain reaction
(GeneAmp; Perkin-Elmer, Norwalk, CT). Oligo-
nucleotides hybridizing to the SP6 (5' GATT-
TAGGTGACACTATAG 3') and T7 (5' TAATAC-
GACTCACTATAGGG 3') promoter sequences
flanking the inserts in pGEMS3 vectors were
used as primers (Promega, Madison, WI), with
25 cycles of 1 min at 94°C, 1 min at 37°C, and 2
min at 72°C for amplification of the inserts
[Saiki et al., 1988].

The insert probes specific to 70K, ornithine
decarboxylase (odc), c-jun, and glyceraldehyde-
3-phosphate dehydrogenase (gapdh) genes were
prepared from the pEX70K1 {Nyman et al,
19901, pODC16 [Hickok et al., 1986], pAH119
[Ryseck et al., 1988], and pPRGAPDH-13 [Fort et
al., 1985] plasmids. From pEX70K1 we isolated
a 1,271 bp EcoRI DNA fragment, from pODC16
4936 bp Hind 111 cDNA fragment, from pAH119
a 2,156 bp Eco RI-Pvu II DNA fragment, and
from pPRGAPDH-13 a 1.3 kb Pst I gapdh frag-
ment.

The inserts were isolated and purified from
1% low melting point agarose (LMP-Agarose;
BRL, Life Technologies Inc., Gaithershurg, MD)
gels. The gel slice was melted at +65°C for 15
min in a microcentrifuge tube, extracted for 3
min with 1 volume of neutralized phenol, and
freezed at —70°C. This was followed by centrifu-
gation at 13,000g for 10 min at room tempera-
ture, and the insert in the aqueous phase was
precipitated with ethanol.
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Electrophoresis, Blotting, and Hybridization
Analyses of Nucleic Acids

Aliquots of DNA (10 pg) or RNA (20 pg) were
separated on 1.6-1.8% agarose or 1.6% agarose/
formaldehyde gels, respectively [Maniatis et al.,
1984]. The fractionated nucleic acids were trans-
ferred by capillary blotting to Hybond-N nylon
filters (Amersham, Buckinghamshire, UK),
dried, and baked at +80°C for 2 h [Laitinen et
al., 1990].

32P_-dCTP-labelled probes were prepared by
standard random priming reactions according to
the directions of the manufacturer (DuPont or
Amersham), and hybridizations were carried out
as described earlier [Laitinen et al., 1990]. The
levels of mRNA and the degree of chromatin
digestion were quantitated by densitometric
scanning (Scandet Plus, Hewlett-Packard, Gree-
ley, CO; Scan Analysis, Biosoft, Cambridge, UK)
of the autoradiograms.

RESULTS

In search for clones of snRNP proteins, we
screened a mouse lung carcinoma Agtll expres-
sion library with an anti-RNP serum of a patient
with an autoimmune disease [Nyman et al,,
1990]. Antibodies eluted from the fusion pro-
teins produced by two clones, pRNP11 and
pRNP31 (EMBL accession numbers X63019 and
X63020, respectively), reacted with two snRNP
proteins, A and B”, in immunoblots of HeLa
nuclear extracts (data not shown). The cDNA
inserts were sequenced and found to contain
overlapping sequences with only two mismatched
bases (Fig. 1A). Unlike the pRNP31 which has a
truncated 3’ end, the pRNP11 also has a poten-
tial polyadenylation signal, the AATAA se-
quence (bold characters in Fig. 1A). pRNP11
and pRNP31 contain one copy of the putative
mRNA destabilization sequence ATTTA [Shaw
and Kamen, 1986] at positions 325 and 403,
respectively (Fig. 1A). Computer searches with
the pPRNP11/pRNP31 sequence revealed exten-
sive homologies with the two human U-snRNP-

associated proteins A [Sillekens et al., 1987] and
B” [Habets et al., 1987]. Figure 1B shows the
deduced amino acid sequence of pRNP11/
pRNP31 aligned with the human A and B" se-
quences. The two human proteins have very
similar amino- and carboxyterminal domains
but contain unique sequences in the middle part
[Sillekens et al., 1987]. The mouse protein en-
coded by pRNP11/pRNP31 is highly homolo-
gous both with the common carboxyterminal
domain and with the B” specific region. Thus the
¢DNA clones pRNP11 and pRNP31 encode the
carboxyterminal half of the mouse B” protein
corresponding to residues 102-225 in the hu-
man B” protein (Fig. 1B).

As the amount of U-snRNAs has been re-
ported to be elevated in transformed Novikoff
hepatoma cells as compared with the normal rat
liver cells [Reddy et al., 1981], and it has been
found that the transcripts of the Ul-snRNP-
specific 70K gene accumulate early in oogenesis
of the Xenopus [Etzerodt et al., 1988], we wished
to study whether the mouse U2-snRNP—specific
b" gene is a growth-inducible gene and whether
its amount is increased in transformed cells. For
studying the expression of the mouse 4" gene we
isolated a 246 bp subclone pJL5 for use as a
probe (Fig. 1C). On Northern blots of total cyto-
plasmic RNA, it hybridizes to a single 1.0 kb
RNA (Figs. 2 and 3) which is consistent with the
reported size of the human b” transcript [Habets
et al., 1987].

First, we examined the expression levels of
the mouse " mRNA during the growth stimula-
tion by 10% FCS of serum-starved normal (N1
cells) and c-Ha-rasVell2 gncogene-transformed
(E4 cells) NIH-3T3 fibroblasts [Sistonen et al.,
1987]. Total cytoplasmic RNA was isolated from
the cells and subjected to Northern blot analy-
sis. Figure 2A shows the kinetics of induction of
the U2-snRNP-specific 5" mRNA in the E4 cells.
The 5" mRNA levels were low in the quiescent
cells but increased rapidly after serum stimula-
tion (Fig. 2A). Scanning of the autoradiograms
with a densitometer showed that the b” tran-

Fig. 1. Sequences of the mouse 6" cDNAs in comparison to
the human b” and a genes. A: Comparison between the mouse
b” cDNAs, pRNP31 and pRNP11. Mismatched bases in the
aligned sequences are shown as gaps. The potential transla-
tional termination site TAA and the potential polyadenylation
signal AATAA are indicated by bold capitals. B: The alignment of
the predicted amino acid sequence of the mouse B” protein
(PRNP31) (upper sequence) with the human B” (middle) and

human A (lowest) proteins using the one-letter amino acid
code. The two human protein sequences are from Habets et al.
[1987] and Sillekens et al. [1987], respectively. C: Alignment of
the mouse b” cDNA (pRNP11) (upper sequence) with the
human a gene [Sillekens et al., 1987] (lower sequence). Under-
lined bases indicate the sequence of a 250 bp Pst I insert (pJL5)
used for studying the b” gene expression. Gaps in the sequences
are indicated as periods.
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scripts were accumulated two- to threefold after
the serum stimulation for 1-3 h (Fig. 2B). These
results were based on three independent experi-
ments. To see whether the rapid accumulation
of the " mRNA is a specific property of the
U2-snRNP-specific 5" gene, we also performed
comparative Northern blot analyses with the
U1l-snRNP-specific 70K gene. The data show
that there is also a small increase in the 70K
transcripts after growth stimulation (Fig. 2, sec-
ond panel). The individual matched background
subtraction of the densitometric scans revealed
that in the stimulated cells the 70K transcripts
were increased twofold. As a reference, we also
analyzed the accumulation patterns of the orni-
thine decarboxylase (odc) transcripts, since odc
is known to belong to the early response genes
[Stimac and Morris, 1987; Jihner and Hunter,
1991]. As is evident from the Northern blot
analyses, the magnitude of the increases in the
b” and 70K transcripts were roughly similar to
that of the ode mRNA (Fig. 2, third panel). It
was also found that in the quiescent cells the
basal levels of the snRNP transcripts were depen-
dent on the duration of serum starvation simi-
larly to that earlier reported for the odc and
c-myc mRNAs [e.g., see Thompson et al., 1985;
Stimac and Morris, 1987; Sistonen et al., 1989].
Such increases were not seen in the expression
patterns of glyceraldehyde-3-phosphate dehydro-
genase (gapdh) gene, whose mRNA levels usu-
ally remain invariant upon growth stimulation
(Fig. 2, fourth panel).

Next we wanted to determine whether ongo-
ing protein synthesis is needed for the increase
of the b” and 70K transcripts. Figure 3 shows
that the accumulation of the 4" mRNA did not
require protein synthesis. Treatment with cyclo-
heximide even slightly increased the &" tran-
script levels in some experiments, but no consis-
tent superinduction of the " gene was detected
(Fig. 3). The accumulation of the 70K transcript
was superinduced by cycloheximide like that of
the c-jun transcripts (Fig. 3) [Lau and Nathans,
1987; Ryseck et al., 1988, Lamph et al., 1988].
The degree of 70K superinduction is, however,
less pronounced than that of the c-jun gene (Fig.
3, third panel).

As transformed cells often display an aberrant
accumulation of several transcripts [Reddy et
al., 1981; Holtta et al., 1988; Sistonen et al.,
1989] and show increased levels of RNA compo-
nents of snRNPs [Reddy et al., 1981], it was of
interest to determine whether the U2-snRNP-
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Fig. 2. Expression of mouse b, ornithine decarboxylase, and
gapdh genes in serum stimulated NIH-3T3 cells. E4 cells were
synchronized by serum starvation for 16 h, whereafter 10% FCS
was added to allow the cells to enter the growth cycle. A:
Northern blot analyses of total cytoplasmic RNAs at different
times after release from the growth arrest. The blots were
sequentially hybridized to insert probes specific to b” (pJL5),
70K (pEX70K1), odc (pODC16), and gapdh (pRGAPDH-13).
gapdh was used as a control for loading. B: Densitometric scans
of the relative levels of b", 70K, and odc mRNA (normalized to
gapdh mRNAs) from data in A.

specific b” transcripts are accumulated in the
c-Ha-rasV31?2 oncogene-transformed cells. Simi-
larly to that with the transcript levels of odc in
the c-Ha-rasV4!2 oncogene-transformed E4 cells
[Holtt4 et al., 1988], the levels of the 4” and 70K
transcripts were clearly higher than those in the
N1 cells (Fig. 4). This is also true for the 70K
mRNAs (data not shown). The ras-transformed
E4 cells exhibited an about two- to threefold
increase in the basal levels of cytoplasmic b” and
70K mRNA when compared to the normal N1
cells. This difference was invariantly seen dur-
ing growth stimulation by serum (1-3 h) both in
asynchronous and synchronous cultures (data
not shown).

Transcriptional activity of genes correlates
with their sensitivity to micrococcal nuclease
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Fig. 3. Effect of cycloheximide on the b” gene expression in
serum-stimulated 3T3 cells. E4 cells were synchronized by
serum starvation and stimulated with 10% foetal calf serum for
3 h in the absence or presence of cycloheximide (10 pg/mb).
The northern blots (see Fig. 2) were sequentially hybridized to
insert probes specific to b” (pJL5), 70K (pEX70K1) c-jun
(pAH119), and gapdh (pRGAPDH-13). gapdh was used as a
control for loading. The symbols — and + indicate the absence
or presence of cycloheximide (Chx).

digestion [Smith et al., 1983; Yu and Smith,
1985; Moreno et al., 1986]. The growth-induc-
ible accumulation of the 6" mRNAs relative to
the gapdh transcripts suggested that there may
also be differences between the genes at the
chromatin level. To study this, we isolated nu-
clei from the N1 and E4 cells, subjected them to
MNase digestion, transferred the resulting DNA
fragments by capillary blotting onto nylon fil-
ters, and probed them with the 32P-dCTP-
labelled insert probes specific to the 4", ode, and
gapdh genes. It was found that the b” and odc
genes are more accessible to the MNase diges-
tions than the gapdh gene (Fig. 5A and data not
shown). Densitometric scannings of the autora-
diograms (Fig. 5B) clearly show that the b” chro-

N1 E4
10 10 5 ng RNA
v L 30 @
£~ mRNA . 2
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g
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e 1.0 6
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Fig. 4. Northern blot analysis of 5” mRNA in quiescent normal
and c-Ha-rasV2''2 oncogene-transformed 3T3 cells. The normal
(N1) and c-Ha-ras¥2'12 oncogene-transformed (E4) cells were
synchronized and the levels of b” mRNA in the cells were
analyzed as in Figs. 2 and 3. The bars indicate the relative
abundance of b” mRNA in the normal (open bar) and ras-
transformed cells (shaded bars) by densitometric scanning. The
values are means from three independent experiments.

matin displays a more decondensed nucleosomal
organization in the transformed E4 cells than in
the normal N1 cells (Fig. 5B).

DISCUSSION

Data base searches with the pRNP11 and
pRNP31 nucleotide sequences revealed an exten-
sive homology with the nucleotide sequence of
the human U2-snRNP—-specific " gene [Sillek-
ens et al.,, 1987; Habets et al., 1987, 1989].
Moreover, the predicted amino acid sequence of
the mouse clones indicated a 91.8% similarity
with the human B’ protein. Notably, the last 73
amino acids of the C-terminal region are identi-
cal between the mouse and human proteins. At
this C-terminal region both the mouse and hu-
man B” as well as the human A polypeptides
contain the RNP consensus octamer (HDI-
AFVEP), which is thought to be involved in
U-snRNA binding [Query et al., 1989]. How-
ever, only the N-terminal region of the human
B’ protein appears to be capable of directly bind-
ing to U2-snRNA [Scherly et al., 1990]. Thus,
although no specific function has been assigned
to the C-terminal region of the B” protein yet, its
evolutionary conservativeness supports the as-
sumption that this region must contribute to
some important structural/functional feature of
the U2-snRNP. Interestingly, Gunderson et al.
[1994] have recently found that the C-terminal
part of A protein, which is very similar to that of
B” protein (Fig. 1) [Habets et al., 1987; Sillekens
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Fig. 5. Nucleosomal organization of the b" and gapdh genes.
A: Micrococcal nuclease analysis of the nucleosomal organiza-
tion of the b” and gapdh genes. The normal (left panel) and ras
oncogene-transformed (right panel) cells were synchronized by
serum starvation as in Fig. 2. Nuclei were digested with micro-
coccal nuclease (75 units/ml), extracted for DNA and electro-
phoresed on 1.6% agarose gels, and subjected to Southern blot
analysis. The numbers on top of the gels indicate the digestion
time with micrococcal nuclease in minutes. C indicates DNA
from undigested nuclei. MM, DM, and TM stand for monomer,
dimer, and trimer, respectively. B: Densitometric scans of the
MNase digestion patterns representing 10 min digestions shown
in A. The solid and dashed lines indicate the nucleosomal
organization of b” and gapdh genes, respectively. Migration is
from left to right. The arrows indicate the positions of DNA from
the nucleosome monomer.

et al., 1987} is involved in the polyadenylation of
its pre-mRNA via a direct interaction with
poly(A) polymerase. Therefore, it is tempting to
speculate that B” protein would likewise be in-
volved not only in splicing but also in the auto-
regulation of its own pre-mRNAs.

The data presented in this work show that
stimulation of growth-arrested 3T3 cells with
serum caused a rapid activation of the b” and
70K genes. The rises in these snRNP transcripts
were similar to the increase in the transeript
levels (two- to threefold) of the early response
odc gene following serum stimulation for 1-3 h.
Significantly, the increase in the &" and 70K
mRNA was not dependent on de novo protein
synthesis. In contrast to the b” transcripts, the
rise in 70K RNA was superinduced by cyclohexi-

mide treatment of the cells, suggesting that
there are differences in controlling the expres-
sion of these genes.

Several studies have shown that transcription-
ally active genes are preferentially cleaved by
MNase [Smith et al., 1983; Weintraub, 1984; Yu
and Smith, 1985; Moreno et al., 1986}. Further,
we have earlier demonstrated that the nucleo-
somal organization of the immediate early genes
odc and c-myc at their coding regions is more
decondensed than that of the “house-keeping”’
gapdh gene [Laitinen et al., 1990]. Similarly, we
found here that the nucleosomal organization of
the b” gene is more loosened than that of the
gapdh gene.

Only a few comparative studies exist on the
quantities of snRNP components between the
normal and transformed cells [see Reddy and
Busch, 1988]. U-snRNAs have been found to
display a tenfold elevation in Novikoff hepatoma
cells as compared to the cells in normal liver. In
this study we have explored the changes in the
expression patterns of b” and 70K genes upon
morphological transformation of 3T3 cells by
c-Ha-rasV212 oncogene. It was found that the
ras-transformed E4 cells have threefold higher
levels of U2-snRNP-specific 4" and 70K tran-
scripts than their normal counterparts.

We suggest that the increased expression of
70K and b" genes could result in enhanced assem-
bly of snRNP particles and pre-mRNA process-
ing in serum synchronized cells and ras onco-
gene-transformed cells.
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