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Adverse events relating to insertional mutagenesis have 
reinforced the interest in self-inactivating (SIN) gamma-
retroviral and lentiviral vectors without enhancer– 
promoter sequences in the U3 region of the long 
terminal repeats. However, SIN vectors suffer from leaky 
transcriptional termination, increasing the probabil-
ity of read-through into cellular genes. To improve 3′ 
end processing, we incorporated seven upstream poly-
adenylation enhancer elements (or upstream sequence  
elements, USEs) derived from viral or cellular genes into 
the 3′ U3 region of gamma-retroviral and lentiviral SIN 
vectors. A 100-base-pair sequence representing a recom-
binant direct repeat of the USE derived from simian virus 
40 (2xSV USE) gave the best results, improving both titer 
and gene expression. In both gamma-retroviral and lenti
viral SIN vectors, the 2xSV USE partially substituted for 
effects provided by the much larger post-transcriptional 
regulatory element derived from woodchuck hepatitis 
virus (wPRE). By northern blot and reporter assays, we 
found that the 2xSV USE greatly improved proper mes-
senger RNA (mRNA) processing at the retroviral termi-
nation signal. Importantly, the 2xSV USE was superior 
to the wPRE in suppressing transcriptional read-through, 
improving not only vector efficiency but potentially also 
biosafety.
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Introduction
Efficient 3′ end processing is essential for eukaryotic messenger 
RNA (mRNA) processing. Correct termination of the nascent tran-
script involves cleavage at a predetermined site and subsequent 
polyadenylation.1–3 The polyA motif is an AAUAAA sequence 
located 10–30 base pairs upstream of the cleavage site. Cleavage by 
cellular factors preferably occurs after a CA dinucleotide that is fol-
lowed by a G/U-rich sequence. The 3′ end is polyadenylated by the 
polyA polymerase, resulting in an average polyA tail of 200 nucleo-
tides. Several molecules of the polyA binding protein II bind to the 
tail to enhance both mRNA stability and translation efficiency.2,4

Retroviruses use mRNA not only as a translation template but 
also as the mobile form of genomic information. In both murine 
leukemia virus (a gamma-retrovirus) and human immunode-
ficiency virus (HIV, a lentivirus), the polyA motif is contained 
within the R region of the long terminal repeats (LTRs), implying 
its presence at both ends of the transcript. To prevent premature 
termination and polyadenylation in the 5′ R region, retroviruses 
have evolved with relatively weak polyA sites and additional 
mechanisms of 5′ polyA site suppression, as shown for HIV.5 Self-
inactivating (SIN) vectors lack the majority of the U3 region.6–8  
However, in the case of HIV this deletion increases the prob-
ability of read-through, suggesting that U3 contains termination 
enhancer motifs in addition to enhancer–promoter sequences.9,10

Insufficient termination may cause read-through of randomly 
integrated retroviral sequences into cellular genes. This may have 
two problematic consequences. If the vector genome is stably 
integrated into the genome of retroviral packaging cells, read-
through may promote the uptake of cellular proto-oncogenes into 
the vector genome, as exemplified by acutely transforming retro
viruses. In transduced target cells, read-through into cellular genes 
may contribute to the up-regulation of cellular proto-oncogenes, 
potentially triggering malignant transformation. Although long-
distance enhancer interactions are the most frequent form of 
retroviral insertional mutagenesis,11,12 we and others have previ-
ously demonstrated that read-through transcripts originating 
from retroviral vectors may induce leukemia.13,14 Read-through 
transcripts also represent a safety concern for lentiviral vectors, 
as these have an even higher propensity to insert within actively 
transcribed regions of the genome.15 Achieving improved mRNA 
termination and polyadenylation is thus of major importance  
for both gamma-retroviral and lentiviral vectors.

Results
A duplicated element of the SV40 improves titer  
and expression of gamma-retroviral vectors
To improve mRNA termination of SIN vectors, we chose well-
characterized upstream polyadenylation enhancer elements (or 
upstream sequence elements, USEs) derived from various viral 
or cellular genes: simian virus 40 (SV40) late mRNA,16,17 HIV 
type 1 (HIV-1),18,19 ground squirrel hepatitis virus (identical to 
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the sequence of woodchuck hepatitis virus, WHV),20–22 adeno
virus,19,23,24 the human THRB gene (prothrombin, Thr),4,25 and the 
human C2 complement gene.26,27

We inserted these auxiliary U-rich sequences (Table 1) into 
the 3′ U3 deletion of a series of gamma-retroviral SIN vectors 
with three different internal promoters derived from the human 
cytomegalovirus (CMV), the human phosphoglycerate kinase 
gene (PGK), and the murine spleen focus-forming virus (SF) 
(Figure 1a). We produced replication-deficient vectors by co-
transfection with packaging constructs. Depending on the 
configuration of the SIN vector, basic constructs lacking addi-
tional 3′ RNA processing motifs generated titers in the order of  
5 × 105 – 5 × 106 infectious units per ml. The only USE that 
reproducibly enhanced retroviral titers (up to threefold) was 
that derived from SV40, especially when it was duplicated as a 
tandem repeat (2xSV) (Supplementary Figure S1). All sub-
sequent expression analyses were normalized for equal trans-
duction rates obtained under conditions of a low multiplicity 
of infection, as described earlier,8 and equivalent average copy 
number, as determined by real-time polymerase chain reaction 
(PCR) (data not shown). Depending on the promoter, the 2xSV 
USE increased gene expression by 45–100% (P < 0.01; Figure 1b 
and c). Increased expression was stable over time (Figure 1c). 
PCR performed in transduced cells revealed that the 2xSV USE 
was stably transmitted, without evidence of internal deletions  
(Figure 1d). Sequencing of the PCR products confirmed the  
correct transmission of the duplicated element (data not shown).

We next tested whether the 2xSV USE synergizes with the  
3′ end processing mediated by the post-transcriptional regulatory 
element of WHV (wPRE). This element increases titer and often 
gene expression of retroviral and lentiviral vectors, potentially by 
affecting RNA export, stability, and polyadenylation.28 As shown 
in Figure 1b and c, the relatively small 2xSV USE (100 base pairs) 
was nearly as potent as the much larger wPRE (600 base pairs) 
in elevating titer and transgene expression. Combining the 2xSV 
USE and the wPRE did not significantly improve titer in com-
parison to the wPRE alone. In lineage-negative primary murine 
hematopoietic cells, both the 2xSV USE and the wPRE increased 
gene expression from SIN vectors with the internal SF promoter 
(P < 0.01; Figure 2, equal average copy number in transduced cells 
confirmed by real-time PCR). In this context, the 2xSV USE even 
tended to be stronger than the wPRE (P = 0.08).

The 2xSV USE thus enhanced titer and gene expression of  
different internal promoters and in various cell types. In terms of 
titer and expression, the effects were similar although not always 

as potent as those achieved with the wPRE. The level of the effects 
depended on promoter and target cell type, as previously observed 
for the wPRE and other 3′ processing motifs.29

The USE improves transcriptional termination  
of gamma-retroviral SIN vectors
We next addressed how the USE improved 3′ mRNA process-
ing. We designed read-through reporter plasmids in which the 
3′ LTR of the retroviral construct is followed by a cassette con-
sisting of an internal ribosomal entry site, the DsRedExpress 
fluorescent protein and a polyA motif derived from the SV40 
early mRNA (Figure 3a). For northern blot analyses only cell 
pools with comparable transfection efficiency were used. Read-
through transcripts from the unmodified SIN vector were easily 
detected by northern blotting (Figure 3b). The wPRE and the 
USE derived from HIV-1, Thr, or WHV partially attenuated 
transcriptional read-through. In contrast, the SV40 USE, espe-
cially when duplicated (2xSV), almost completely suppressed 
read-through. Combining the 2xSV USE with the retroviral 
polyA motif was almost as efficient as the introduction of the 
cellular termination and polyA motif of the bovine growth hor-
mone (bGH) into the 3′ R region. The latter strategy improved 
vector titer but not expression in target cells because the 3′ R 
region is not preserved during reverse transcription.

Flow cytometry confirmed these results at the level of 
single cells. Presence of the 2xSV USE reduced the popula-
tion that expressed the IL2RG complementary DNA (cDNA) 
encoded within the vector and the 3′-located DsRed allele at 
least tenfold (P < 0.01), similar to the strong polyA signal from 
bGH (Figure 3c). Again, the wPRE and WHV USE were much 
less efficient (∼50% inhibition of read-through, Figure 3c),  
and the combination of the 2xSV USE and the wPRE was not 
superior to the 2xSV USE alone.

We next explored the effect of the 2xSV USE in the context 
of a gamma-retroviral reporter cassette stably integrated into the 
genome of target cells by lentiviral SIN vectors based on HIV-
1.7 To avoid premature termination, we introduced the reporter 
cassette in antisense orientation (Figure 3a). To overcome low 
titers relating to the formation of antisense transcripts in packa
ging cells, we placed the reporter cassette under the control of a 
tetracycline-inducible promoter (scheme in Figure 3a). The target 
cells were co-transduced with an independent vector expressing 
the tetracycline-inducible transactivator. The data were not only 
consistent with the transient transfection studies, revealing that 
the 2xSV USE was sufficient to repress read-through even in the 

Table 1 Upstream sequence element (USE) oligonucleotides (T highlighted in bold)

USE Sequence Length (bp) T (%)

Adenovirus (L3) ACTTCTTTTTGTCACTTGAAC 21 48

C2 GACTTGACTCATGCTTGTTTCACTTTCACAT 
GGAATTTCCCAGTTATGAAATT

53 40

HIV AGCTGCTTTTTGCCTGTACTGGGTCTCTCTGGTTA 35 43

SV40 (SV) TTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCAT 44 52

THRB (Thr) AGAATTATTTTTGTGTTTCTA 21 57

WHV TCATGTATCTTTTTCACCTGTGCCTTGTTTTTGCCTGTG 39 51

Abbreviations: bp, base pair; HIV, human immunodeficiency virus; SV40, simian virus 40; WHV, woodchuck hepatitis virus.
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presence of relatively high expression levels (Figure 3d); they 
also suggested that the amount of read-through from integrated 
transgenes depends on the expression level, which may be position 
dependent (Figure 3d).

The vectors used in these studies expressed the IL2RG cDNA 
(CD132), which is of interest for gene therapy for X-linked severe 
combined immunodeficiency.14 These data suggest that the 2xSV 

USE suppresses read-through transcription in the context of clini-
cally relevant vectors.

The USE improves transcriptional termination  
and polyadenylation of lentiviral SIN vectors
We next tested whether the 2xSV USE also enhanced titer and 
expression of HIV-based SIN vectors7 if present in their LTRs. 
These vectors had the same internal cassettes (internal promoters 
CMV, PGK, SF) as the gamma-retroviral counterparts (Figure 4a; 
cf. Figure 1a) and were co-transfected with HIV gag/pol, Rev, and 
murine leukemia virus ecotropic env expression plasmids. Again, 
the 2xSV USE increased titer (up to 2.8-fold, P < 0.01) and gene 
expression (1.6–2.2-fold, P < 0.01) in transduced target cells. Inter-
estingly, in the lentiviral context, the effects of the 2xSV USE on titer 
and expression were even closer to those of the wPRE (Figure 4b).

Of note, the lentiviral vectors contained the same plasmid 
sequences downstream of the 3′ LTR as used in the gamma-
retroviral SIN vectors. Initial attempts to utilize the 2xSV USE in 
the context of the third-generation lentiviral vector plasmids as 
described by Dull et al.7 resulted in an unexpected loss of infectious 
titer. This may have been due to the interaction of the 2xSV USE with 
a second polyA motif located downstream of the 3′ LTR in these  
constructs, which is not found in the gamma-retroviral plasmids.

Results achieved by transient transfection of reporter con-
structs suggested that the 2xSV USE also suppressed transcrip-
tional read-through of lentiviral SIN vectors (Figure 5). Within 
the population expressing the vector-encoded cDNA (IL2RG), the 
frequency of cells co-expressing DsRed was 20% in the unmodi-
fied vector, 8% in the presence of the wPRE, and 3% in the pres-
ence of the 2xSV USE. Again, the combination of the wPRE and 
the 2xSV USE further suppressed read-through (levels <1.5%; 

Figure 1  Performance of different upstream sequence elements 
(USEs) in gamma-retroviral vectors. (a) Modular vector design with the 
long terminal repeats (LTRs) (U3, R, U5), splice donor (SD), packaging 
signal (Ψ), internal promoter (IP), and transgene (enhanced green fluo-
rescence protein, EGFP). In the proviral plasmid, the 5′ LTR is driven by 
the myeloproliferative sarcoma virus (MPSV) enhancer–promoter. In self-
inactivating (SIN) vectors the enhancer–promoter of the 3′ U3 region was 
deleted and replaced with different upstream polyadenylation enhancer 
element (USE) sequences (see Table 1, Results, and Supplementary 
Figure 1). Optionally, the post-transcriptional regulatory element of 
woodchuck hepatitis virus (wPRE) was inserted into the 3′ untranslated 
region (UTR). The transgene is expressed under the control of different 
internal promoters (SF; cytomegalovirus, CMV; phosphoglycerate kinase, 
PGK; see Results). (b) Effects of basic vector Sin.PGK/SF.GFP alone or with 
USE derived from simian virus 40 (2xSV USE), with wPRE, and with both 
USE and wPRE on titer (white columns) and gene expression as deter-
mined by mean fluorescence intensity (MFI, black columns) in transduced 
SC1 cells. The basic construct Sin.CMV.GFP harbors an internal CMV pro-
moter and no wPRE. Analysis 5 days after transduction. Error bars indicate 
standard deviations of four independent experiments. (c) Relative effects 
of vectors encoding 2xSV, wPRE, and 2xSV plus wPRE in comparison with 
basic vector Sin.CMV.GFP (100%) on MFI (filled columns) and titer (white 
columns). MFI was analyzed 7 days (d7, gray columns) and 19 days (d19, 
black columns) after transduction (n = 8). (d) Polymerase chain reaction 
(PCR) from genomic DNA samples transduced with basic vector Sin.
CMV.GFP, vector plus 2xSV, vector plus wPRE, and vector plus wPRE plus 
2SV (expected sizes 305, 405, 936, and 1036 base pairs, respectively) 
or untransduced (mock). Primers are directed against EGFP and the U5 
region to confirm the presence of indicated elements (see a). DNA mark-
ers on the left and right. *P < 0.01. t.u., transducing unit.
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mean values of two independent experiments). Figure 5 shows 
results from one of these experiments.

Polyadenylation in retroviral vectors containing  
the 2xSV USE
To determine whether the USE increased the polyA length, we 
analyzed vector RNA on high-resolution gels. We transfected 
293T cells with equal amounts of plasmids designed as shown in 

Figure 1a (encoding enhanced green fluorescent protein, EGFP, 
under the control of the internal CMV promoter). The results 
shown in Figure 6 suggest that the USE increases the amount of 
polyadenylated vector transcript and the proportion of mRNAs 
with longer polyA tails (average length of at least 200 nucleo-
tides). Similar results were obtained by northern blot analyses of 
mRNA harvested from retrovirally transduced unselected mass 
cultures (data not shown). The latter analyses also showed that 
the 2xSV USE increased the levels of mRNA originating from 
the internal promoter (after correction for transduction effi-
ciency, n = 4; Figure 6b). We thus found that vector mRNA lev-
els and mean expression levels of EGFP were closely correlated  
(Figure 6b).

Together, these data reveal that the 2xSV USE acts as a ter-
mination enhancer (Figures 4 and 5), may improve the recogni-
tion of the retroviral polyA signal (Figure 6a), and increases the 
amount of mRNA originating from the internal promoter of SIN 
vectors (Figure 6b). The latter effect may be sufficient to explain 
the gain of protein expression obtained with this element.

Discussion
This study shows that USE motifs improve the efficiency of 3′ 
end mRNA processing in gamma-retroviral and lentiviral SIN  
vectors. As a practical consequence, the resulting vectors showed 

Figure 3 Detection and prevention of read-through transcription.  
(a) Vector diagrams for read-through reporter constructs for transient 
transfection (upper) and target cell transduction (lower). The upper 
panel shows a gamma-retroviral self-inactivating (SIN) vector with the 
internal cytomegalovirus (CMV) promoter driving the interleukin-2 
receptor gamma chain (IL2RG, CD132). Behind the 3′ LTR an expres-
sion cassette consisting of an internal ribosomal entry site (IRES), DsRed 
Express complementary DNA, and an early simian virus 40 (SV40) polyA 
(pA) signal was introduced. The lower panel shows a lentiviral vector 
with a tet-inducible (Ptet) antisense cassette consisting of IL2RG, 3′ 
gamma-retroviral SIN LTR, IRES, enhanced green fluorescence protein 
(EGFP), a constitutive transport element, and SV40 pA. Here the com-
plete detection cassette is maintained in transduced cells. (b) Northern 
blot of total RNA prepared from transfected 293T cells. The basic vector 
construct from a, termed IRESDsRedpA, lacks upstream polyadenyla-
tion enhancer elements (upstream sequence elements, USEs) and the 
post-transcriptional regulatory element of woodchuck hepatitis virus 
(WHV) (wPRE). Different USEs (HIV, SV, 2xSV, Thr, WHV) and/or the wPRE 
were added as indicated. As a control the strong pA signal from bovine 
growth hormone (bGH pA) was introduced into the R region instead of 
the original retroviral pA. To detect the read-through transcript (marked 
on the right), a radioactive probe was directed against DsRed. GAPDH 
served as a loading control. (c) Transfected 293T cells (mRNA shown in 
Figure 3b; constructs shown in Figure 3a) were analyzed 3 days after 
transfection. The cells were stained for CD132 (IL2RG) using a bioti-
nylated anti-CD132 antibody and a streptavidin–allophycocyanin (APC) 
antibody. The dot blots indicate cells with read-through transcripts in 
the upper-right quadrant (with percentage of upper-right and lower-
right quadrants). (d) Read-through detection in transduced SC1 cells 
measured 4 days after transduction. Analysis is performed as in c but 
using EGFP as the read-through marker.
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sequence elements, USEs) and post-transcriptional regulatory ele-
ment of woodchuck hepatitis virus (wPRE) in lentiviral vectors.  
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improved titer and transgene expression in target cells. The 
mechanism underlying the increase in titer remains to be eluci-
dated. It could be explained at the level of mRNA stability in pack-
aging cells, uptake of mRNA in particles (packaging), or reverse 
transcription, the late steps of which are target cell dependent. 
Increased transgene expression in target cells was closely corre-
lated with increased amounts of mRNA. This could be explained 
by improved termination, which we found to occur both after 
transient transfection and after stable, semi-random transgene 
integration. In addition, we obtained results that suggest that the 
incorporation of USE motifs into SIN LTRs increases the length of 
the polyA tail, which may further support translation.1

The importance of USE motifs in regulating termination in 
the presence of a suboptimal cleavage site is reminiscent of cor-
responding signals in the human THRB gene, mutations of 
which may give rise to hereditary forms of thrombophilia.4,25 
The fact that the SV40 USE and especially its duplicated ver-
sion mediated the strongest enhancement of retroviral ter
mination suggests that these motifs facilitate the binding of 
crucial cellular factors such as cleavage and polyadenylation 
specificity factor,30 its subunit Fip1,24 the U1 small nuclear ribo-
nucleoprotein A,31,32 the polypyrimidine tract–binding protein, 
and cleavage stimulatory factor.27 Interestingly, the SV40 USE  
core sequence AUUUGURA is also found in the upstream poly-
adenylation regions of ground squirrel hepatitis virus22 and cauli-
flower mosaic virus,33 arguing for a conserved mechanism.

Efficient 3′ processing of HIV-1 depends on an RNA stem–
loop structure (TAR) that juxtaposes the USE and the core polyA 

site.30 Similar stable stem–loops may be formed upstream of the 
polyA site in the late SV40 mRNA16 and by the R region of murine 
leukemia virus,34 although the relevance for termination remains 
to be shown. Similarly, in hepatitis B viruses (HBVs, ground 
squirrel hepatitis virus, WHV) the rather weak polyA signal UAU 
AAA (usually AAUAAA) is functional only in the presence of the 
USE22 and, again, a stem–loop structure is predicted by computer 
algorithms as an intervening sequence between the USE and the 
polyA site. These findings set the stage for rational approaches to 
further improve 3′ end processing of vector mRNA.

As shown in this study, the wPRE further increased titer 
and gene expression even in the presence of the USE (Figure 1b 
and c for gamma-retroviral vectors; Figure 4 for lentiviral vec-
tors). Our results suggest that the major effect of the wPRE is to 
improve mRNA levels (Figure 6b), which can hardly be explained 
by improved utilization of the retroviral termination and polyad-
enylation signal (Figures 3, 5 and 6a). In line with this obser-
vation, a distinct USE isolated from the same viral mRNA from 
which the wPRE is derived increased the rate of correct termi-
nation (WHV USE, Figure 3c). This suggests that WHV carries 
at least two distinct elements to improve 3′ mRNA processing, 
namely the wPRE and the WHV USE, which, when used alone, 
are not sufficient to prevent read-through. The exact mechanisms 
and underlying sequence motifs by which the wPRE improves 
mRNA processing (e.g., mRNA export or stability) remain to be 
determined. Their determination could lead to designer modules 
for post-transcriptional enhancement of retroviral titer and gene 
expression.

A final question is whether the suppression of transcrip-
tional read-through into downstream alleles may improve vector 
biosafety during both production and target cell modification.  

Figure 5  Read-through suppression in lentiviral vectors. (a) Scheme 
of the read-through reporter construct, as in Figure 3a, but using a 
third-generation lentiviral vector backbone. (b) Fluorescence-activated 
cell sorting analysis of lentiviral vectors (as in Figure 3c). The upper-
right quadrant is indicative of read-through transcripts (with percentage 
of populations in upper-right and lower-right quadrants). APC, allophy-
cocyanin; CMV, cytomegalovirus; IRES, internal ribosomal entry site; 
LTR, long terminal repeat; pA, polyA; PPT, polypurine tract; RRE, rev-
responsive element; SD, splice donor; SV, simian virus; USEs, upstream 
polyadenylation enhancer elements; wPRE, post-transcriptional regula-
tory element of woodchuck hepatitis virus.
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Figure 6 (a) Detection of polyA (pA) tail length after transfecting 
293T cells with the vector derivatives of Sin.CMV.GFP. An aliquot 
of the RNA was treated with oligo(dT) primers and RNase H to digest 
the pA tail, so that adenylated and de-adenylated RNA could be viewed 
side by side in a northern blot, specific probe directed against enhanced 
green fluorescence protein (EGFP). As a loading control, 18S RNA was 
used. (b) SC1 cells were transduced with the indicated vectors, and RNA 
and protein expression (mean fluorescence intensity, MFI) were ana-
lyzed at the same time point (n = 4). For RNA detection northern blots 
were probed for EGFP, re-probed for 18S (loading control), and ana-
lyzed using a phosphoimager. EGFP expression was monitored by flow 
cytometry as previously mentioned. The basic vector Sin.CMV.GFP was 
set to 100% and the relative amounts of RNA and MFI are displayed as a 
mean of four independent experiments. CMV, cytomegalovirus; SV, sim-
ian virus; wPRE, post-transcriptional regulatory element of woodchuck 
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During vector production, proper termination prevents the uptake 
of cellular sequences into the retroviral particle, thus improving 
product identity. In transduced cells used for therapy, the increase 
in expression by improved 3′ processing of vector mRNA may 
allow the use of weaker transcriptional enhancer motifs, thus 
reducing the danger of insertional mutagenesis. In the not-too-
rare cases where vector insertion may give rise to fusion tran-
scripts,12,13,35 proper termination may prevent proto-oncogene 
up-regulation. There is only one hypothetical scenario in which 
improved termination may reduce vector biosafety: integration 
into the intron of a transcription unit whose residual expres-
sion of full-length transcript is monoallelic and has a tumor- 
suppressive role. However, database searches suggest that this 
scenario is unlikely.11,12 It remains to be determined whether the 
impact of the USE on insertional mutagenesis can be revealed 
by recently introduced assay systems that report insertional side 
effects of integrating vectors.36,37

A clear advantage of the USE sequences is their small size, 
leaving the packaging capacity of retroviral vectors largely unaf-
fected. The USE can be used alone or in combination with the 
wPRE sequence, which may synergize with the USE to enhance 
titer and transgene expression further. Tuning the size, sequence, 
and location of the USE may result in even stronger effects on ter-
mination, titer, and expression, potentially achieved by even more 
compact elements. USEs thus represent an important addition to 
the toolbox of vector design.

Materials and Methods
Vector design. The gamma-retroviral SIN vector pSin.CMV.GFP8 con-
tains an internal CMV promoter and the EGFP cDNA, and an EcoRI 
site in the residual U3 region of the 3′ LTR. The USEs originating from 
adenovirus (L3, adeno), C2 complement gene (C2), HIV-1 (HIV), SV40 
late mRNA (SV), THRB gene (Thr), and WHV were generated using oli-
gonucleotide self-assembly with flanking EcoRI sites and sequenced after 
introduction into the SIN vector. For the USEs of adenovirus and SV40, 
duplicated elements (2 × adeno, 2xSV) were constructed (Table 1).

To detect read-through transcripts, a cassette consisting of an 
encephalomyocarditis virus internal ribosomal entry site, DsRed Express 
cDNA, and early SV40 mRNA polyA signal (both from Clontech, Moun-
tain View, CA) was inserted into the XhoI site behind the 3′ LTR. In 
addition, we replaced EGFP with the human IL2RG cDNA using AgeI 
and SalI. The basic lentiviral construct pRRL.PPT.PGK.GFPpre was 
kindly provided by L. Naldini (San Raffaele Telethon Institute for Gene 
Therapy, Milano, Italy).7 In pRRL.PPT.CMV the PGK promoter was sub-
stituted for the CMV promoter, and variants with or without the wPRE 
were cloned. By overlap PCR, a multiple cloning site harboring restric-
tion sites BamHI, XhoI, EcoRI, and ClaI was introduced into the 3′ LTR 
∆U3, and the 2xSV USE was cloned into the EcoRI site. To exclude pos-
sible interference with the SV40 polyA/ORI element in the plasmid 
backbone (see Results), this was replaced with the pUC19 backbone 
after introducing AflII and XhoI sites before the 5′ LTR and after the 3′ 
LTR, respectively. In analogy to the gamma-retroviral vectors, an inter-
nal ribosomal entry site.DsRedExpress.polyA cassette was inserted into 
the XhoI site behind the 3′ LTR and EGFP was replaced with IL2RG  
for the read-through assay. As a positive control for an optimal polyA sig-
nal, the bGH polyA was amplified using primers 5′bGHpAKpn (5′-GCATG 
GTACCCTAGAGCTCGCTGATCAGCCT-3′) and 3′bGHpAKpn (5′-CG 
ATGGTACCTCCCCAGCATGCCTGCTATT-3′) and cloned into the 
KpnI site upstream of the retroviral polyA motif.

For detection of read-through in transduced cells, the DNA cassette 
consisting of IL2RG cDNA, 3′ LTR (±2xSV), internal ribosomal entry 
site, DsRed, and SV40 polyA was inserted as an antisense cassette into 
the lentiviral vector backbone pRRL.PPT.CMV.GFPpre in the HpaI and 
SalI sites. The DsRed sequence was replaced with EGFP and constitu-
tive transport element. Details of the construct shown in Figure 3a are  
available on request.

Production of vector supernatants. Retroviral and lentiviral supernatant 
production was performed using Phoenix gp (kindly provided by G. Nolan, 
Stanford) or 293T cells as previously described.8,38 Phoenix gp, 293T, and 
SC1 (murine fibroblast) cells were maintained in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal calf serum, 100 U/ml peni-
cillin/streptomycin, and 2 mmol/l glutamine.

Genomic PCR. To confirm stability of the 2xSV elements in integrated 
proviruses, we isolated the genomic DNA (DNA Blood Mini Kit; Qiagen, 
Hilden, Germany) and performed a PCR on the genomic DNA of trans-
duced SC1 samples using primers 5′EGFP.Cterm (5′-CATGGTCCTGCT 
GGAGTTCGTG-3′) and 3′U5 (5′-GGAGACCCTCCCAAGGAT-3′), Taq 
polymerase, and standard conditions (annealing temperature 59 °C).

Quantitative PCR. Real-time PCR was performed on an Applied Bio
systems 7300 Real Time PCR System (Foster City, CA) using the Quanti-
Tect SYBR Green Kit (Qiagen, Hilden, Germany) as previously described.36 
To measure vector copy numbers, PCR was performed using EGFP- 
specific [present on vector; 5′EGFP-RT2 (5′-CTATATCATGGCCGACAA 
GCAGA-3′) and 3′EGFP-RT2 (5′-GGACTGGGTGCTCAGGTAGTGG- 
3′)] and Flk1-specific (fetal liver kinase gene 1, housekeeping gene) prim-
ers. Results were analyzed using the ∆∆CT method.

Northern blots. Standard procedures were used for northern blots.8 Spe-
cific probes were directed against EGFP, DsRed, GAPDH, or 18S. For 
the detection of polyA tail length, agarose gels were run 4 hours longer 
to resolve the polyA tail, using a modified protocol from Holtmann and 
colleagues:39 De-adenylated transcripts were prepared in vitro by mixing 
total RNA with Oligo(dT) (0.5 µg for every 10 µg of total RNA) in buf-
fer containing 200 mM KCl and 1 mM EDTA (pH 8.0). The samples were 
incubated at 90 °C for 2 minutes and then annealed at 25 °C for 10 minutes. 
Two volumes of a solution containing 100 mM KCl, 0.5 mM EDTA (pH = 
8.0), 20 mM Tris–HCl (pH = 8.0), 28 mM MgCl2, 20 U of RNase inhibitor, 
and 1 U of RNase H were added to de-adenylate the transcript. The sample 
was incubated at 37 °C for 30 minutes and precipitated with ethanol.

Primary cells. Bone marrow was harvested from C57BL/6 mice obtained 
from Charles River Laboratories (Sulzfeld, Germany). Lineage-depleted 
bone marrow cells were cultured in Stem Span medium (Stem Cell Technol-
ogies, London, UK) supplemented with 200 U/ml penicillin/streptomycin, 
50 ng/ml murine stem cell factor, 100 ng/ml hFlt3L, 100 ng/ml hIL11, and 
20 ng/ml mIL3 for 2 days.40 Transduction of cultured cells was performed 
on non-tissue-culture-treated 12-well plates coated with Retronectin 
(Takara, Shiga, Otsu, Japan) using an multiplicity of infection of 3.

Flow cytometry. SC1 or whole bone marrow cells (1–5 × 105) were harvested 
for analysis 5 days after transduction and washed with phosphate-buffered 
saline. IL2RG staining was performed using a biotinylated anti-CD132 
antibody, followed by a streptavidin–allophycocyanin antibody (both 
from BD Pharmingen, Heidelberg, Germany). Samples were analyzed 
for CD132, EGFP, or DsRed in a FACSCalibur using Cell Quest software 
(Becton-Dickinson, Heidelberg, Germany). A gate was set on a homoge-
neous cell population, as determined by scatter characteristics, and 20,000 
events were monitored. Marker gates were set to calculate the percentage  
and mean fluorescence intensity of positive cells.
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Statistical analysis. Data from experiments are expressed as mean ± SD. 
Student’s paired t-test was used for comparison of differences between 
indicated groups. P < 0.05 was considered significant.
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