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Transport of macromolecules into and out of nuclei, essential steps in gene expression, 
are potential points of control. The matrix protein (M protein) of vesicular stomatiiis virus 
(VSV) was shown to block transport of RNAs and proteins between the nucleus and 
cytoplasm of Xenopus laevis oocytes. The pattern of inhibition indicated that M protein 
interfered with transport that is dependent on the ms-like nuclear guanosine triphos- 
phatase (GTPase) Ran-TC4 and its associated factors. This inhibition of nuclear transport 
by M protein explains several observations about the effects of VSV infection on host cell 
gene expression and suggests that RNA export is closely coupled to protein import. 

Macromolecules are in constant flux be- 
tween the nucleus and cytoplasm; RNAs 
are transmrted between their sites of svn- 
thesis, maturation, and function; and pro- 
teins are both imported into, and exported 
from, the nucleus (1). This intracellular 
traffic, essential to the expression of nuclear 
genes,. is a potential target for control by 
cells and viruses (2, 3). We now show that 
a single protein of VSV can specifically shut 
down both RNA export and protein import, 
demonstrating a close coupling of nuclear 
transport in the two opposite directions. 

RNAs and  rotei ins are transDorted be- 
tween the nucleus and cytoplasiby signal- 
mediated, energy-requiring processes that 
involve many components of the nuclear 
pore complex (NPC) (4) and a large num- 
ber of soluble factors (1,5). Export of RNA 
is dependent on bifunctional RNA binding 
proteins (such as the Rev protein of HIV-1) 
that recognize specific sequences in the 
RNA and interact with other export factors 
or components of the NPC (1, 3). RNA- 
binding proteins like Rev (3), CBP20, the 
20-kD component of the 5' cap binding 
complex (6) and heterogeneous nuclear ri- 
bonucleoprotein particle (hnRNP)-A1 (7) 
exit the nucleus with the RNA transport 
substrates; subsequently, these proteins are 
again imported (8) by means of soluble 
transport factors like importins-a and -p (5, 
6) or homologs of importin-p (7). Both 
RNA export and protein import are 
blocked by the lectin wheat germ agglutinin 
(WGA) and by antibodies specific for pro- 
teins of the NPC (nucleoporins) (4, 8, 9). 
Key components of protein import sys- 

tems (1, 5, 7) are the GTPase Ran-TC4 
(Ran), several Ran-binding proteins, and the 
Ran-specific effectors RCCl (the nuclear 
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GTP:GDP exchange factor for Ran) and 
RanGAPl (the cytoplasmic Ran GTPase ac- 
tivating protein) (1 0, 1 1 ). Inactivation of 
this system blocks import of proteins (12) 
and small nuclear ribonucleoprotein parti- 
cles (snRNPs) (13), and export of most 
RNAs with the notable exception of tRNAs 
(14, 15); movement of RNAs within the 
nucleus also is impaired (15). However, the 
precise function or functions of the Ran 
GTPase in RNA transport remains to be 
established (1 1 ). 

Infection by VSV, an RNA virus that 
replicates in the cytoplasm, results in rapid 
inhibition of host cell gene expression (1 6). 
The earliest obsewed effect is the cessa- 
tion of maturation of small nuclear RNAs 
(snRNAs or U RNAs) (1 7). We have pro- 
posed (15) that this block in snRNA me- 
tabolism results from inhibition of export of 

snRNA precursors out of the nucleus (1 8). 
The putative viral inhibitor of RNA export 
would likely be contained in the infecting 
virions. since the effects on snRNA metab- 
olism are extremely rapid and do not re- 
quire formation of functional viral mRNA 
(1 7). A prime candidate for such an inhib 
itor is the matrix (M) protein of VSV, 
present in 1600 to 1800 copies per virion 
(1 6); synthesis of this protein in transiently 
transfected cells interferes with nuclear 
gene expression (19, 20). We now present 
data showing that M protein can inhibit 
export of nuclear pre-snRNA and other 
cellular RNAs and import of proteins. 

We studied the ability of M protein to 
block nuclear transport by synthesizing the 
protein in Xenopus lawis oocytes (21-24). 
After the oocytes were cytoplasmically in- 
jected with m7G-capped, polyadenylated 
transcripts coding for M protein (M 
mRNA), the protein accumulated both in 
the nucleus and the cytoplasm for up to 48 
hours, as assayed either by immunoblotting 
(Fig. 1A) or by direct labeling of injected 
oocytes with [35S]methionine (25). Differ- 
ences in the amounts of M protein in the 
two compartments reflect, at least in part, 
the approximately 10-fold difference be- 
tween volumes of the nucleus and cyto- 
plasm. After about 20 hours of synthesis of 
M protein, we assayed for RNA export by 
injection of various DNA templates or 
RNAs made in vitro (21 ). 

Emression of M i rote in reduced the 
amoGts (15 to 20 iimes less) of newly 
transcribed U1 and U2 RNAs in the cyto- 
plasm (Fig. 1B). This reduction contrasts 
with only a two to three times lower accu- 
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protein rnRNA (lanes 3 to 8) or the complementary antisense 
sequence (lanes 1 and 2) were injected into the cytoplasms U1 
of X. laevis oocytes. After incubation at 18'C for the times 
indicated, total nuclear and cytoplasmic proteins (one oocyte 1 2  d 4  
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equivalent, each) were assayed by irnrnunoblots probed with the VSV M 
M protein Control 

protein-specific monoclonal antibody 23H12. (6) Inhibition of nuclear 
export of pre-snRNAs in oocytes containing M protein. A mixture of 'Nm 
genes encoding X. laevis U1, U2, and U3 RNAs was injected into the SS rRNA - -- 
nuclei of oocytes that had been pre-injected with M rnRNA, or control 
antisense RNA (Fig. 1A); for labeling of RNAs, U - ~ ~ P  GTP was injected 
2 hours later. After incubation for 24 hours, oacytes were separated into 
nuclear (N) and cytoplasmic (C) fractions and one oocyte-equivalent of 
RNA of each fraction was analyzed by electrophoresis in an 8% poly- 

[ .  
acrylamide gel (21). (C) Analysis of the 5' cap structures of nuclear tRNAw 0 
snRNAs synthesized in the presence or absence of M protein. Total 1 2  3 4  
nuclear RNAs (Fig. lB, lanes 1 and 3) were incubated with precursor- 
specific antibodies to m7G (22, 23) and : precipitates (P) and supernatants (S) were analyzed 
as in Fig. 1 B. (D) Inhibition by M protein 4 but not tRNA export. Oocytes were injected with X. 
laevis 5 s  rRNA and pre-tRNATvr genes abeled and analyzed as in Fig. 1 B. 
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mulation of newly made RNA, an indica- 
tion that M protein inhibited export of the 
newly made transcripts, but had little on 
their synthesis (26). Blockage of the export 
of m7G-capped precursor U1 and U2 RNAs 
by M protein was confirmed by immunopre- 
cipitation with antibodies to m7G (22, 23) 
that do not recognize the modified m2*2*7G- 
cap that is generated on export of these 
RNAs to the cytoplasm (Fig. 1C) (18). The 
nuclear cap hypermethylation (22) and ac- 
cumulation of U3 RNA were unaffected by 
the M protein, indicating that the inhibi- 
tion of snRNA metabolism by M protein is 
specific for those snRNAs that must be 
transported across the nuclear envelope 
(15, 18, 22). 

M protein also inhibited export of 5S 
ribosomal RNA (rRNA) made either from 
endogenous (25) or exogenously introduced 
genes, an indication that the inhibition of 

export was not limited just to m7G-capped 
snRNAs (Fig. ID, top). In contrast, M pro- 
tein had no effect on the export of tRNAs, 
such as tRNAT~' (Fig. ID, bottom) or 
tRNAA" (25), which, utilize a transport 
system that functions even in the absence 
of functional RCC1 (15). Intranuclear mat- 
uration of tRNAs (splicing of tRNATyr and 
5' and 3' end trimming of both tRNAs) 
also was not affected by M protein. 

The effect of M protein on export of 
mRNA was assayed with a derivative of 
major late pre-mRNA from adenovirus 
(21). Although splicing of the injected pre- 
mRNA was normal, as indicated by reduc- 
tion in precursor and a concomitant accu- 
mulation of the excised intron lariat (Fig. 2, 
lanes 2 and 6), export of the spliced mRNA 

product was severely compromised in oo- 
cytes containing M protein. At 1 hour, 
when about half of the mRNA was export- 
ed in control oocytes (lanes 6 and 8), no 
cytoplasmic mRNA was detected in oocytes 
treated with M protein (lane 4). Export 
of a small amount of the polyadenylated 
mRNAs in the treated oocytes was observed 
after a +hour incubation period (lane 5). 
However, even at 4 hours, export of the 
deadenylated spliced mRNA, which is 
formed when mRNAs are sequestered in 
the nucleus (9), was not detected; as ex- 
pected (Fig. lB), co-injected pre-Uls,- 
and pre-U5 RNAs were not exported. 

The cytoplasmic accumulation of 18s 
and 28s rRNAs synthesized from endoge- 
nous oocyte rRNA genes was also sensitive 
to M protein (Fig. 3, lane 4) as was the 
maturation of these rRNAs. Both 45s pre- 
cursor rRNA and abnormal processing in- 
termediates (asterisks in Fig. 3) accumulat- 
ed in the nucleus (lane 2), at the expense of 
mature forms. Both 18s and 28s rRNAs 
were occasionally detectable in the nuclei 
of some (Fig. 3) batches of oocytes (25); 
however, these mature rRNAs were never 
found in the cytoplasm, showing that M 
protein affects multiple steps in ribosome 
biogenesis. Because both maturation and 
export of rRNAs require transport of newly 
made ribosomal proteins into the nucleus 
(27), these results indicated that protein 
import was inhibited. 

When tested directly, M protein was at 
least as effective as WGA in inhibiting the 
nuclear uptake of cytoplasmically injected 
X. laevis karyophilic proteins (21) (Fig. 4A, 
lanes 5 to 7). The M protein is also an 
extremely effective inhibitor of RNA im- 
port. U6 RNA and NL15 RNA are import- 
ed via the pathway used for NLS-contain- 
ing proteins but U5 RNA uses a different 
pathway, specific for snRNPs (24,28). Both 
of these Ran-dependent pathways (1, 12, 
13) are blocked in the presence of M pro- 
tein (Fig. 4B, lane 2). 

Immunoblot analyses of several key 
transport factors indicated that M protein 
did not appreciably alter the amounts or the 
distributions between the nucleus and cyto- 
plasm of RCC1, Ran and importin-P (Fig. 
5A, lanes 1 to 4). However, it did increase 
the amount of importin-a that was associ- 
ated with the nuclear fraction. Most of this 
importin-a co-migrated with a minor cyto- 
plasmic form present in control oocytes 
(Fig. 5B, lanes 1 and 4) and both of these 
slowly migrating forms were phosphorylated 
(Fig. 5C) (29). Although phosphorylation 
of importin-a has been implicated in trans- 
port (30), it is unclear whether the changes 
that we observed play an obligate role in 
the inhibition of transport or are a conse- 
quence of the mechanism that is responsi- 
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Fig. 3. lnhibition of maturation and export of rRNA 
by VSV M protein. Oocytes that had been injected 
with M mRNA or control mRNA (Fig. 1 B) were then 
injected in the cytoplasm with about 0.5 kCi 
ar2P]GTP and incubated for 24 hours. After frac- 
tionation, the newly synthesized endogenous 
rRNAs were analyzed by electrophoresis in a 
1.2% agarose gel containing formaldehyde. 
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Fig. 2. lnhibition of export but not splicing of pre- 
mRNA by VSV M protein. A mixture of 32P-la- 
beled, m7G-capped RNAs containing about 12 
fmol of a derivative of adenovirus major late pre- 
mRNA plus about 5 fmol each of pre-UlSm- RNA 
and pre-US RNAs were injected along with about 
5 fmol of y-methyl-pppG-capped U6 RNA into 
nuclei of oocytes that had been pre-injected 
with M mRNA (Fig. 1). One and 4 hours later, the 
oocytes were fractionated and RNAs were ana- 
lyzed as in Fig. 1B. The presence of unspliced 
pre-mRNA and spliced intron lariat in the cyto- 
plasm was due to saturation of nuclear retention 
of these RNAs and was not seen in experiments in 
which nonsaturating amounts of pre-mRNAs 
were injected (9). Deadenylation of pre-mRNA 
and spliced mRNA in the nucleus is accentuated 
when export of these molecules is blocked (9). 
U6 RNA is retained in the nucleus (21) and 
pre-Ul,,- RNA, which lacks an Sm protein bind- 
ing site, remains in the cytoplasm upon export (18). 

Fig. 4. lnhibition of import into oocyte nuclei by 
VSV M protein. (A) lnhibition of protein import. 
p5S]methionine-labeled X. laevis nuclear proteins 
were injected into the cytoplasms of oocytes that 
had been pre-injected with M mRNA or control 
antisense mRNA (Fig. 1B) or with -200 ng of 
WGA (2 to 3 hours previously). Twenty hours later, 
the labeled proteins in the cytoplasmic or nuclear 
fractions were analyzed by electrophoresis in a 
10% polyactylamide gel containing 0.1 % SDS. (B) 
lnhibition of ribonucleoprotein (RNP) import. A 
mixture of approximately 5 fmol each of m7G- 
capped U5 RNA. y-Methyl-capped U6 RNA and 
uncapped NL15 RNA (an RNA selected for nucle- 
ar localization) (24) were injected into the cyto- 
plasms of oocytes that had been injected with M 
mRNA or control antisense RNA (Fig. 1B). The 
oocytes were fractionated 24 hours later for RNA 
analysis. 
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ble (3 1 ). Clearly, the inhibition of transport 
is unlikely to be caused by depletion of the 
major form of importin-a from the cyto- 
plasm (Fig. 5B, compare lanes 1 and 3). 
Because M protein inhibits export of 
mRNA, it is unlikely that the slowly mi- 
grating form of importin-a is due to induc- 
tion of an isoform of this protein. 

In contrast to M protein, WGA in- 
creased the amount of the major, rapidly 
migrating form of importin-a in the nuclear 
fraction (Fig. 5B, lanes 5 to 8), perhaps 
reflecting accumulation of docked import 
complexes at the cytoplasmic side of the 
NPC (32). The association of importin-a 
with the nuclear fraction in the Dresence of 
M protein might also result from non-pro- 
ductive binding of transport complexes at 
the NPC rather than from accumulation 
within the nucleus; however, the two inhib- 
itors appear to work by different mecha- 
nisms in that different forms of importin-a 
accumulate, and WGA inhibits export of 
tRNAs (8) but M protein does not (9) (Fig. 
ID). 

HOW might M protein affect both the 
import of proteins (and snRNPs) and the 
export of several classes of RNAs? These 
features, including the continued export of 
tRNAs, are identical to those observed 
when the Ran system is inactivated (1 2, 15, 
31 ). Thus, we propose that the pleiotropic 
effects of M protein on active transport 
between the nucleus and cytoplasm (33) 
result from interference with transport that 
is dependent on the Ran GTPase system. It 
is not known if M protein has enzymatic 
activity or affects cellular enzymes that im- 
pact on the Ran system. Injection of 20 
times less M mRNA into oocytes still leads 
to inhibition of transport; the resulting 

number of M protein molecules, as detected 
by immunoblotting (34), is comparable to 
the number of NPCs per oocyte nucleus and 
well below the number of molecules of Ran 
or RCC1. Similarly, VSV infection at a 
multiplicity of 10 would introduce less than 
2 X lo4 molecules of M protein per cell 
(16), as compared to lo7 molecules of Ran. 

Inhibition of Ran-dependent protein 
import could block RNA export secondarily 
by depleting the nucleus of shuttling factors 
that are required for RNA export (8). Al- 
ternatively, a change in the activity of Ran 
or a Ran-specific factor may inactivate oth- 
er components of the transport machinery 
that are required for mobilization of RNP 
export complexes prior to translocation 
through the NPC (15). The differential 
effects of M protein on the cytoplasmic 
appearance of snRNAs, mRNAs, and 
tRNAs (Figs. 1D and 2) also raises the 
possibility that additional Ran-independent 
RNA export pathways exist (8, 33). 

It is possible that initiation of VSV tran- 
scription releases M protein from the nu- 
cleocapsids of infecting virions (1 6), there- 
by causing the inhibition of export of host 
snRNAs and mRNAs. In this model, syn- 
thesis of the 47-nucleotide VSV leader 
RNA would release the virion-bound M 
protein (35), which could explain the ap- 
parent paradox that blockage of snRNA 
maturation depends on VSV RNA synthe- 
sis but not on formation of functional VSV 
mRNA ( 1 7). 

Inhibition of nucleocytoplasmic trans- 
port could account for changes in protein 
and RNA synthesis observed upon VSV 
infection (1 6) or introduction of M protein 
into cells (1 9, 36). Reduced accumulation 
of mRNA, due to turnover of transcripts 

Fig. 5. Effects of VSV M pro- 
A Control M B Control M Control WGA 

te~n on cellular transport fac- 
tors. (A) lntracellular d~stnbu- Fi 'rE-? - -- - [CN"C 5-?5-? - -- 
tlons of Ran, RCCI and ~ m -  lmpofiin-8 ~lr )- ~mportin-0 b - -  II 0- 

portin-$. Twenty-four hours 
after injection of M mRNA or RCCl 

Ran - 
control antisense RNA into 

* 
oocyte cytoplasms, the nu- 

- c Control M protein 

cleo-cytoplasmic distributions 1 2 3 4  w' Cyto ~ucleusl  
of several transport factors C I P  A - + - +  

were analyzed by immunoblotting with antibodies directed against a, 
X. laevis RCCI, human Ran, or rat importin-p (27). For importin-$, ~mpofiin-a =-am 
lanes 1 and 3 each have one oocyte-equivalent of protein, whereas 
lanes 2 and 4 each have three oocyte-equivalents of protein: for 1 2  3 4 5 6  

RCCl and Ran all lanes have one oocyte equivalent of protein. (B) Fractionation and mobilities of 
importin-a in the presence of M protein or WGA. Proteins in the nuclear and cytoplasmic fractions were 
analyzed as in (A), with antibody directed against human importin-a. In lanes 5 to 8, oocytes had been 
pre-~njected in the cytoplasm with buffer (lanes 5 and 6) or -200 ng of WGA (lanes 7 and 8). Lanes 1,3,  
5, and 7 (cytoplasms) each have one oocyte-equivalent of protein, whereas lanes 2, 4, 6, and 8 (nuclei) 
each have three oocyte-equivalents of protein. (C) Dephosphorylation of slowly migrating forms of impor- 
tin-a. Oocyte proteins were prepared and analyzed as in (B), lanes 1,3, and 4 except that a portion of each 
sample was incubated for 25 min at 37°C with three units calf intestinal alkaline phosphatase prior to 
electrophoresis. Lanes 1 to 4 each have one oocyte-equivalent of protein whereas lanes 5 and 6 each have 
three oocyte-equivalents of protein. 

that are sequestered in the nucleus, would 
cause an apparent inhibifion of both 
mRNA and protein synthesis (37). The 
immediate blockage of export of host cell 
mRNAs would contribute to the rapid and 
efficient establishment of infection. Also, 
the increase (10 to 20 times greater) in 
translation of a transfected reporter mRNA 
observed in the presence of M protein 
mRNA (36) might be due to a lack of 
competing endogenous mRNAs. 

Uninfected cells may use molecules sim- 
ilar to M protein to regulate transport be- 
tween the nucleus and cytoplasm. Thus, elu- 
cidation of the mechanism of action of M 
protein may reveal novel ways by which 
gene expression could be controlled through 
the import and export of nuclear factors and 
RNAs. 
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Transformation of Chicken Cells by the Gene 
Encoding the Catalytic Subunit of PI 3-Kinase 

Hwai Wen Chang, Masahiro Aoki, David Fruman, Kurt R. Auger, 
Alfonso Bellacosa, Philip N. Tsichlis, Lewis C. Cantley, 

Thomas M. Roberts, Peter K. Vogt* 

The avian sarcoma virus 16 (ASV 16) is a retrovirus that induces hemangiosarcomas in 
chickens. Analysis of the ASV 16 genome revealed that it encodes an oncogene that is 
derived from the cellular gene for the catalytic subunit of phosphoinositide 3-kinase (PI 
3-kinase). The gene is referred to as v-p3k, and like its cellular counterpart c-p3k, it is 
a potent transforming gene in cultured chicken embryo fibroblasts (CEFs). The products 
of the viral and cellularp3k genes have PI 3-kinase activity. CEFs transformed with either 
gene showed elevated levels of phosphatidylinositol 3,4-bisphosphate and phosphati- 
dylinositol 3,4,5-trisphosphate and activation of Akt kinase. 

Retrol-iruses found in spontaneous animal 
tumors can be sources of oncogenes that 
reveal important aspects of cellular growth 
control ( 1 ) .  The  avian sarcoma virus 16 has 
recently been isolated from a spontaneous 
chicken tumor. It iniluces hemaneiosarco- 
Inas in chickens and transforms CEFs In cell 
culture 12).  T o  characterize the oncogene of , , 

AS\! 16, the viral genome was cloned from 
a AZAP cDNA library of ASV 16-trans- 
formed CEFs (3). The nucleotide sequence 
of the ASV 16 clone shelved a nonviral 
i~lsertion marking a possible oncogene of 
cellular origin. The 5'-terlninus of the non- 
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viral seiluence \\.as fused to viral gag, and 
the 3'-recombination junction n.as located 
within the viral en% gene. A computer- 
assisted coinparison revealed that the puta- 
tive oncogene n.as homologous to the gene 
encoding the catalytic subunit, 1.113, of 
bovine PI 3-kinase (4).  It n.as therefore 
named v-p3ic (Fig. 1) .  

A clone of AS\! 16 minus the 3' en% 
sequence was introduced into the avian ret- 
roviral expression vector RCAS (5), and 
the construct (RCAS-v-P3k) \\.as trans- 
fected into CEFs, xhich resulted in the 
production of infectious retroviral progeny. 
After passage, the cultures became com- 
pletely transfornleil and released a focus- 
for~ning RCAS retrovirus (Fig. 2,  A and B). 

The  RCAS-v-P3k-transfor~ned CEFs 
were tested for the presence of the Gag-v- 
P3k fusion protein by i~nmunoprecipitation. 
A monoclonal antibody against avian ret- 
roviral Gag p19 (6) precipitated a protein of 
153 kD from CEFs transfected ~ i t h  RCAS- 
r P 3 k  and from ASV 16-infected CEFs but 
llot from CEFs transfected \\.it11 the vector 
alone (Fig. 3A).  The size of the protein 
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