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1. Introduction 
  The genome of murine leukemia virus (MLV), which belongs 
to the simple retrovirus family, contains a 5’LTR, a 5’ leader 
sequence, gag, pol, env, and a 3’LTR. The gag gene encodes the 
structural proteins of the virion and the pol gene encodes a 
protease, reverse transcriptase and integrase. The env gene 
encodes the Env protein, which has a surface domain (SU) and a 
transmembrane domain (TM). There is a 5’ splice site (5’ss) in 
the 5’ leader sequence of the gag gene and a 3’ splice site (3’ss) 
in the 3’ end of the pol gene. Both full-length unspliced and 
spliced mRNAs are produced in MLV-infected cells. Gag and 
Pol proteins are translated from unspliced mRNAs and the Env 
protein is translated from spliced mRNA(1). The Env protein of 
MLV plays important roles not only in viral adsorption to cells 
but also in the induction of neuropathogenic disease following 
infection by the virus (2). In previous studies, we showed that the 
level of Env expression in neuropathogenic A8-MLV is 
correlated with neuropathogenicity (3, 4). Thus, elucidation of 
the regulatory mechanisms for production of env-mRNA will be 
important for understanding the functions of the Env protein. 
MLV and other simple retroviruses have no regulatory genes, 
such as those that control gene expression, including splicing 
events, in lentiviruses. We previously found that splicing is 
important for increasing env-mRNA stability and translation(5). 
However, the detailed mechanism for gene expression of MLV 
due to splicing is still not clear. We have also shown that the 
positive and negative regulatory regions within the intron that 
controls Env expression in Friend MLV at the level of 
env-mRNA expression do so by controlling splicing efficiency(5). 
Overall, however, the molecular mechanisms that regulate 
splicing in MLV, including the selection of splice sites, are not 

well understood. In this thesis, we focused on splicing of MLV to 
understand mechanisms for posttranscriptional regulation of 
MLV gene expression. First, effects of splicing of Friend MLV 
env-mRNA on its 3’ end processing and polysome structure 
formation were studied. Second, cis-elements within gag that 
regulate splicing were analyzed. 
 
2. Materials and Methods 
2.1 Cell culture and transfection 
  Hela cells were grown in Dulbecco’s Modified Eagle’s 
Medium - low glucose (Sigma-Aldrich) supplemented with 10% 
fetal calf serum (MP Biomedicals), 50 units penicillin (Gibco)/ml 
and 50 µg streptomycin (Gibco)/ml, at 37°C in 5% CO2. NIH3T3 
cells were grown using the same conditions as Hela cells except 
NIH3T3 cells were incubated in 7% CO2. The cells (1 × 106 
cells) were transfected the next day with 8 µg viral expression 
vectors using Lipofectamine 2000 Reagent (Invitrogen) diluted 
with Opti MEM (Invitrogen) according to the manufacturer's 
instructions. 
 
2.2 Determination of poly(A) tail length 
  Hela cells were transfected with vectors and total RNA was 
extracted 24 h post-transfection using an RNeasy Mini Kit 
(QIAGEN) according to the manufacturer's instructions. After 
treatment with RNase-free DNase (QIAGEN), 4 µg RNA was 
added to each ligation reaction. The anchor primer oligo1 
(5’-GGGACAGCCTATTTTGCTAG-3’) was ligated to the 3’ 
end of the RNA and reverse transcription (RT) then was carried 
out using the poly(dT)+oligo2 primer 
(5’-CTAGCAAAATAGGCTGTCCCTTTTTTTTTT-3’). Nested 
PCR was carried out to amplify the viral mRNA poly(A) tail. In 



the first PCR, a forward oligo3 primer targeting the 3’ end of U3 
in the 3’ LTR (5’-GCCCTATAAAAGAGCTCACAACC-3’) and 
a reverse oligo2 primer (5’-CTAGCAAAATAGGCTGTCCC-3’), 
which is complementary to the oligo1 sequence, were used. After 
purification of the first PCR products using a MicroElute 
Clean-Up Column (FAVORGEN), a second PCR was performed. 
In the second PCR, a forward oligo4 primer targeting the 5’ end 
of the R region in the 3’ LTR 
(5’-AGTCCTCCGACAGACTGAGT-3’) and a reverse oligo5 
primer targeting the 3’ end of the oligo2 and poly(dT) sequence 
(5’-AAAATAGGCTGTCCCTTTTT-3’) were used. The 
resulting PCR products were separated by electrophoresis on a 
5% polyacrylamide gel in TBE buffer and stained with ethidium 
bromide. 
 
2.3 Quantitation of env-mRNA, total viral RNA, and 
gapdh-mRNA by real-time RT-PCR 
  To evaluate the copy numbers of cDNAs from env-mRNA in 
the RT reaction products after RT synthesis using the 
poly(dT)+oligo2 primer, quantitative real-time PCR was 
performed. Briefly, the primers and probe used to quantitate 
cDNA of env-mRNA were forward s1-primer 
(5’-GAGACCCTTGCCCAGGGA-3’), reverse s2-primer 
(5’-TGCCGCCAACGGTCTCC-3’), and TaqMan ss-probe 
(5’-CACCACCGGGAGCTCATTTACAGGCAC-3’). The 
primers and probe used to quantitate cDNA corresponding to 
total RNA from the m1 and splA8 vectors were forward 
e1-primer (5’-AGGACCTCGGGTCCCAATAG-3’), reverse 
e2-primer (5’-TTAGGTAGCGGGAACGAAAGTT-3’), and 
TaqMan e-probe (5’-CCGAACCCCGTCCTGGCAGAC-3’). To 
quantitate gapdh-mRNA, TaqMan Human Control Reagents 
containing primer sets and probe (Applied Biosystems) were 
used.  
 
2.4 Fractionation of cell lysates by sucrose density gradient 
centrifugation 
  Polysome fractions were obtained by fractionation of cell 
extracts by sucrose density gradient centrifugation. Briefly, 
transfected or infected NIH3T3 cells (6 x 106) were incubated in 
medium containing 100 µg cycloheximide/ml for 15 min. The 
cells then were lysed in 1 ml hypotonic lysis buffer [1.5 mM KCl, 
2.5 mM MgCl2, 5 mM Tris-HCl (pH 7.4), 1% Triton X-100, 1% 
sodium deoxycholate, 100 µg cycloheximide/ml, 1 mM 
dithiothreitol, 100 units RNase inhibitor (TaKaRa)/ml]. After 10 
min on ice, lysates were centrifuged at 10,000 x g for 10 min and 
the resulting cytosol-containing supernatant was removed and 
layered onto a 10-50% sucrose density gradient in buffer [80 mM 
NaCl, 5 mM MgCl2, 20 mM Tris-HCl (pH 7.4), 1 mM 
dithiothreitol]. After ultracentrifugation at 30,000 rpm for 3 h at 
4°C, 16 fractions were obtained. The RNA in each fraction was 
extracted using TRIzol LS Reagent (Invitrogen) and measured by 
absorbance at 260 nm.  
 
2.5 Quantitation of env-mRNA in each fraction by real-time 
RT-PCR 
  Extracted RNA from each fraction was treated with 
RNase-free DNase (QIAGEN). Equal volume samples of each 
fraction were used as template for RT using an oligo(dT) primer 
(Invitrogen). In its volume of the fraction that had a largest 
absorbance peak at 260 nm, 2 µg RNA was contained. A portion 
of the resulting cDNA was amplified by real-time PCR using a 
7500 Real-Time PCR System (Applied Biosystems). The primers 
and probe used to quantitate env-mRNA were s1-primer, 
s2-primer, and TaqMan ss-probe. To quantitate gapdh-mRNA, 
TaqMan Rodent Control Reagents containing primer sets and 
probe were used. 
 

2.6 Construction of vector 
  To construct the d3 vectors AatII and SphI were used to carry 
out a restriction digest of m1. The enzyme sites were blunted 
using a DNA Blunting Kit (TaKaRa), after which blunt-end 
ligation was performed. To construct the d3+1026 vector, the 
HindIII–BglII fragment of m1 was cloned by PCR using a 
forward primer containing an AatII restriction site in the 5′ 
terminus, and a reverse primer containing the SphI restriction site 
in the 5′ terminus. The ArtII–SphI fragment was recombined 
using the restriction site of m1. The vectors, B1, B2, B3, B2-a, 
B2-b, B2-c, B3-d, B3-e, B3-f, B3-d1, B3-d2, B3-d3, and B3-d4, 
which have serially truncated HindIII-BglII regions of m1, were 
constructed using a KOD-Plus-Mutagenesis Kit (TOYOBO). To 
construct the B3-d4inv38 vector two-stage inverse PCR was 
performed using the 2 sets of primers. To construct the d4+1026 
vectors, SphI and NdeI were used to carry out a restriction digest 
of d3+1026. The enzyme sites were blunted using a DNA 
Blunting Kit, after which blunt-end ligation was performed. 
 
2.7 RT-PCR analysis of viral spliced mRNA in transcripts 
  Total cellular RNA was isolated from transfected cells using 
RNeasy Mini Kit (QIAGEN) according to the manufacturer’s 
instructions. After treatment with RNase-free DNase (QIAGEN), 
2 µg of RNA were added to the RT reaction, which used an oligo 
(dT) primer (Invitrogen). The spliced mRNA was detected by 
PCR using Go Taq (Promega) and specific s1 and s2 primers. 
PCR products were separated on 2% agarose gels in TBE buffer 
and stained with ethidium bromide.  
 
3. Results and Discussion 
3.1 Effects of splicing on the polyadenylation of env-mRNA 
  The m1 vector carried the full-length A8-MLV provirus 
genome and generated spliced env-mRNA (Fig. 1A). 
Electrophoretic analysis of the products of nested PCR showed a 
smear in the 100-200 bp range in the mRNA from samples 
obtained from m1-transfected cells (lane 1 of Fig. 1B). Sequence 
analysis showed that these smears contained multiple A 
nucleotides 11-21 nt downstream of the poly(A) addition signal 
(AAUAAA). To examine whether env-mRNA splicing affected 
polyadenylation of the mRNA, the poly(A) tail length of spliced 
env-mRNA and unspliced env-mRNA were compared using the 
m1 and splA8 vectors (Fig. 1A). The splA8 vector was designed 
to generate unspliced env-mRNA by deletion of the intron region 
in m1. Electrophoretic analysis of the nested PCR products 
showed a smear in the 100-200 bp range for mRNA obtained 
from splA8-transfected cells (lane 3 of Fig. 1B). Sequence 
analysis showed that these smears contained multiple A 
nucleotides 11-21 nt downstream of the poly(A) addition signal 
(AAUAAA). Interestingly, an approximately 70 bp band was 
also detected in RNA from splA8-transfected cells. Sequence 
analysis showed that this band came from mRNA in which 5-8 A 
nucleotides were attached just downstream of the poly(A) 
addition signal and the oligo1 sequence (Fig. 1B). This band was 
not observed in m1-transfected cells, as shown in lane 1 of 
Figure 1B. In this experimental system, the length of the mRNA 
poly(A) tail could be determined in both unspliced full-length 
MLV mRNA and in spliced env-mRNA from m1-transfected 
cells. Therefore, to confirm that the first strand of cDNA 
synthesized by RT using the poly(dT)+oligo2 primer contained 
env-mRNA, PCR was performed using s1 and s2 primers. These 
primers were designed to amplify the 94 bp fragment containing 
the splicing junction region in the cDNA from env-mRNA. As 
shown in Figure 1C, 94 bp bands were detected in cDNA of 
env-mRNA from m1- and splA8-transfected cells. All 94 bp 
bands were confirmed to come from env-mRNA by sequence 
analysis (data not shown). In addition, the copy number of cDNA 
synthesized from env-mRNA was evaluated by quantitative 



real-time PCR. The copy number of cDNA from splA8 
env-mRNA was 5.3-fold more than that synthesized from m1 
env-mRNA (Fig. 1D). The copy number of cDNA synthesized 
from total viral RNA was also evaluated by quantitative real-time 
PCR, and it was not significantly different from results obtained 
for RNA from m1- and splA8-transfected cells. The transfection 
efficiency, which was measured by the copy number of plasmid 
DNA in transfected cells, was not significantly different in m1- 
and splA8-transfected cells. To confirm the finding that the 
approximately 70 bp band was detected only in 
splA8-transfected cells that contained unspliced env-mRNA but 
not in m1-transfected cells that contained spliced env-mRNA, the 
amount of template cDNA for the 1st PCR was normalized by 
the amount of cDNA synthesized from env-mRNA; the volume 
of the RT reaction mixture containing m1 cDNA used as a 
template for the first PCR was 5.3 times that of the RT reaction 
mixture containing splA8 cDNA. The nested PCR reactions 
produced a smear in the 100-200 bp range for mRNA from 
m1-transfected cells, but the approximately 70 bp band was not 
detected (lane 2 of Fig. 1B). There were no differences in the 
poly(A) tail smear patterns of the gapdh-mRNAs from all 
samples (data not shown). The data presented herein suggest that 
splicing of MLV plays an important role in complete 
polyadenylation of env-mRNA. Interestingly, when the env gene 
in m1 and splA8 was replaced by the luciferase (luc) gene, 
splicing did not affect the 3’ end structure of luc-mRNA (data 
not shown). These data suggested that there were positive 
cis-elements within the env region to complete the 
polyadenylation of env-mRNA by splicing. 
 
3.2 Effects of splicing on formation of env-mRNA polysome 
structures 
  Formation of polysome structures of mRNA is generally 
correlated with mRNA translation efficiency. To investigate 
whether splicing of MLV affected formation of env-mRNA 
polysome structures, we used the m1 and splA8 vectors to 
compare the amount of env-mRNA associated with polysome 
structures in spliced and unspliced env-mRNA. Lysates of 
NIH3T3 cells transfected with m1 or splA8 were separated by 
centrifugation on linear 10–50% sucrose density gradients. After 
extraction of RNA from each fraction, the distribution of total 
RNA and ribosomal RNA (rRNA) was analyzed by measurement 
of absorbance at 260 nm and agarose gel electrophoresis, 
respectively (Fig. 2). mRNA in polysome structures was found in 
higher density fractions, while mRNA that was not in polysome 
structures was in lower density fractions. In lysates of 
m1-transfected cells, there was a large absorbance peak at 260 
nm in fractions 6-9 (Fig. 2A). Agarose gel electrophoresis 
analysis showed that these fractions contained most of the 28S 
and 18S rRNAs in the lysate. There were small peaks at 260 nm 
in higher density fractions 11-16. These fractions also contained 
28S and 18S rRNA, in agreement with these fractions containing 
polysomes. As a control, the distribution of gapdh-mRNA was 
examined by real-time RT-PCR. There were two peaks of 
gapdh-mRNA, one in lower density fraction 8 and the other in 
higher density fractions 13-15 (Fig. 2A). The distribution of 
env-mRNA was examined by real-time RT-PCR. As shown in 
Fig. 2A, most env-mRNA was in fractions 13-16, which were 
polysome fractions. From quantitative analysis of these real-time 
PCR results, 69% of env-mRNA in m1-transfected cells was in 
the polysome structures in fractions 11-16. A similar 
experimental analysis of lysates of splA8-transfected cells 
showed that a large amount of env-mRNA was in 
fractions1-8(Fig. 2B). Although 24% of env-mRNA in 
splA8-transfected cells was in polysome structures (fractions 
10-16), this was significantly less (p<0.01) than the 69% in 
polysome structures in m1-transfected cells. In A8-MLV infected  

 
Fig. 1 (A) Structure of the MLV provirus genome and vectors in 
this study, and env-mRNA. (B) Determination of poly(A) tail 
length of mRNA from m1- and splA8-transfected cells. (C) 
Detection of cDNA synthesized from env-mRNA obtained from 
m1- and splA8-transfected cells with a poly(dT)+oligo2 primer. 
(D) Measurement of the copy number of cDNA synthesized from 
env-mRNA and total viral RNA and the copy number of vector 
DNA in m1- and splA8-transfected cells by real-time PCR. 
 
cells (Fig. 2C), 61% of env-mRNA was in polysome structures 
(fractions 11-16), which was not significantly different from the 
69% in polysome structures in m1-transfected cells. The results 
showed that the fraction of spliced env-mRNA in polysome 
structures was significantly greater than of unspliced env-mRNA. 
This indicated that splicing promoted the formation of 
env-mRNA polysome structures. Interestingly, when the env 
gene in m1 and splA8 was replaced by the luc gene, splicing did 
not affect polysome structure formation of luc-mRNA and the 
degree of polysome structure formation of unspliced luc-mRNA 
was higher than that of unspliced env-mRNA (data not shown).  
Thus, it was suggested that there were cis-elements within the 
env region that contribute to polysome structure formation of 
mRNA.   

Fig. 2 Polysome profiles of cells transfected with (A) m1 and (B) 
splA8, or infected with (C) MLV. 
 
3.3 Narrowing down the region within the HindIII-BglII 
fragment (879-1904 bp) that is crucial for splicing at the 
correct 5’ss and 3’ss  
  We found that when the HindIII–BglII fragment was deleted 
from the m1 vector (B vector), there were abundant splice 
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variants among the transcripts (5). We transfected the m1 vector 
into NIH3T3 cells and examined generation of spliced mRNA 
after 48 hr by RT-PCR using the s1 and s2 primers (Fig. 3). As 
shown in Figure 3, we detected the 94 bp band in the transcripts 
of m1. In contrast, in the transcripts of the B vector, we detected 
a band of approximately 300 bp (Fig. 3). We used the d3 vector 
to analyze the importance of the HindIII–BglII fragment in 
splicing, in which the majority of the intronic AatII–SphI (366–
5139 bp) fragment has been deleted from m1. The d3 vector 
yielded the splice variant and unspliced transcripts (Fig. 3). 
When we inserted the HindIII–BglII fragment between 366 and 
5139 bp of the d3 vector (to produce the d3+1026 vector), we 
only produced correctly spliced mRNA (Fig. 3). 
  We first sought to narrow down the region within the HindIII–
BglII fragment that is crucial for splicing at the correct 5′ss and 
3′ss of Fr-MLV. To this end, we constructed B1, B2, and B3 
vectors with serially truncated HindIII–BglII fragments from the 
entire sequence of m1. Among these vectors, B2 and B3 yielded 
a small amount of mRNA splice variants in addition to correctly 
spliced mRNA (Fig. 3). We sought to further narrow down the 
1183–1904 bp region by constructing the B2-a to B3-f vectors 
that are serially truncated in this region. The transcripts of the 
B2-a, B2-b and B2-f vectors included only correctly spliced 
mRNA. The transcripts of the B2-c and B3-e vectors included 
abundant correctly spliced mRNA and a few mRNA splice 
variants. It is noteworthy that B3-d included only mRNA splice 
variants. To further narrow down the 1542–1649 bp fragment, 
we next constructed the B3-d1 to B3-d4 vectors that were 
serially truncated in the fragment. In B3-d1, the transcripts 
contained normally spliced mRNA and a few mRNA splice 
variants. In B3-d2 and B3-d3, the transcripts contained only 
correctly spliced mRNA and we detected no splice variants. 
Interestingly, B3-d4, in which the 1612-1649 bp fragment was 
deleted from m1, only yielded mRNA splice variants. The 
transcripts from the B3-d4inv38 vector carrying a reverse 
sequence of the 1612-1649 bp fragment included only splice 
variants. These findings showed that the 38 nt region (1612–
1649 nt) contains the important elements that regulate splicing at 
the correct 5′ss and 3′ss. Further analyses of a series of vectors 
carrying the 38 bp fragment and its flanking sequences showed 
that a region (1183–1611 nt) upstream of the 38 nt fragment also 
contains sequences that positively or negatively influence 
splicing at the correct splice sites (data not shown).  
 
3.4 Effect of the upstream region of 3’ss of MLV on fraction 
of the 38 nt fragment and its flanking sequence 
  In a previous study, we showed that the SphI–NdeI fragment 
located approximately 100 nt upstream of the 3’ss could 
influence splicing efficiency and the appearance of splice 
variants (5). Interestingly, the structure of the splice variant was 
identical to that of a splice variant observed in the transcripts of 
B3-d4 (Fig. 3). The vectors developed for the experiments 
shown in Figure 3 contain the SphI–NdeI region. To examine 
whether this region influenced control of splicing by the 38 nt 
fragment and its flanking sequence, as shown in Figure 4, we 
deleted it from d3+1026 (Fig. 3); the resulting transcripts were 
correctly spliced. By contrast, we obtained abundant splice 
variants from the transcripts of d4+1026 (Fig. 4). The findings 
show that a synergistic interaction between the 5140– 5400 nt 
region located in the upstream region of the 3’ss and the 38 nt 
fragment and its flanking sequence is required for splicing at the 
correct 5’ss and 3’ss. 
 
4. Conclusion 
  In this thesis, we focused on splicing to understand 
mechanisms for posttranscriptional regulation of gene expression 
of MLV. It was showed that splicing of MLV promoted the  

 
Fig. 3 Structures of d3, d3+1026 and vectors with a serially 
truncated HindIII–BglII fragment of m1 and detection of the 
splice junction region of env-mRNA in the transcripts of vectros. 
 

 
Fig. 4 Structures of d4+1026 vector and detection of the splice 
junction region of env-mRNA in the transcripts of the vectors. 
 
efficiency of complete polyadenylation of env-mRNA and the 
formation of env-mRNA polysome structures. These 
splicing-dependent phenomena were not observed with 
expression vectors in which the env gene was replaced by the luc 
gene. In addition, it was indicated that the 38 nt fragment within 
gag plays an important role in splicing at the correct 5’ss and 
3’ss of MLV. It was also showed that a region (1183–1611 nt) 
upstream of the 38 nt fragment contains sequences that positively 
or negatively influence splicing at the correct splice sites. The 38 
nt fragment appears to exert this function in cooperation with a 
region located just upstream of the 3’ss. To our knowledge, this 
is the first report showing new mechanisms for 
posttranscriptional regulation of gene expression of MLV, in 
which splicing of MLV promoted the efficiency of complete 
polyadenylation of env-mRNA and the formation of env-mRNA 
polysome structures in an env gene-dependent manner and the 5’ 
and 3’ splice sites of MLV are selected correctly through the 
function of the 38 nt region within gag gene.  
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