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Abstract: Hematopoietic stem cells (HSCs) are attractive targets for gene therapy because of their capacity
for self renewal and the wide systemic distribution of their progeny. Sustained expression of transgenes at
clinically relevant levels in the progeny of HSCs would provide novel and potentially curative treatments for
a wide range of inherited and acquired blood diseases. Recent improvements in retroviral transduction
protocols have resulted in the first successful amelioration of a human hematologic disease—a form of severe
combined immunodeficiency—by HSC gene transfer. However, continued advances in gene transfer
technology are necessary if the inherent promise of HSC gene therapy is to be fully realized. Ongoing efforts
are focused on modifying oncoretroviral vector designs and pseudotyping with alternative envelope proteins.
In addition, because of their ability to transduce non-divided cells, safety-modified human immunodeficiency
virus-1-based lentiviral vectors have emerged as promising tools for gene modification of HSCs, which reside
primarily in the G0/G1 phase of the cell cycle. Irrespective of these advances, accumulated data indicate that
stably integrated transgenes are frequently subject to position-effect variegation and extinction of expression.
Therefore, the extent to which genetic control elements such as chromatin domain insulators and
scaffold/matrix attachment regions in conjunction with posttranscriptional regulatory elements will result in
enhanced probability and level of transgene expression is under active investigation. Collectively, these
developments increase the likelihood that HSC gene transfer will ultimately become an effective therapeutic
strategy.

INTRODUCTION

Gene therapy using hematopoietic stem cells
(HSCs) as the target cell population has great
potential to dramatically improve treatment for a
variety of inherited hematologic and immune
disorders, as well as acquired diseases like AIDS
and cancer [Sorrentino and Nienhuis, 1999; Engel
and Kohn, 1999]. The best candidates for HSC-
directed gene therapy in the immediate future are
monogenic diseases for which regulated, lineage-
specific transgene expression is not required and
moderate levels of transgene product will provide
a clinical benefit. Possibilities include immuno-
deficiency syndromes [severe combined immuno-
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deficiency (SCID) due to defects in signal
transduction pathways, adenosine deaminase
deficiency], disorders of phagocytic cells that
result in recurrent life-threatening infections
(chronic granulomatous disease, leukocyte
adhesion deficiency), and metabolic storage
diseases (Fabry disease, Gaucher disease, Hurler
syndrome).

ADVANCED ONCORETROVIRAL VECTOR
SYSTEMS

Although there were some encouraging
exceptions, until recently the results of the
majority of the human HSC gene therapy trials
conducted with oncoretroviral vectors had been
disappointing [Brenner et al., 1993; Dunbar et al.,
1995; Bordignon et al., 1995; Kohn et al., 1995;
Williams et al., 2000], paralleling the limited
success achieved in preclinical gene transfer
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studies in nonhuman primates and with human
HSCs in xenogeneic transplant assays [Larochelle
et al., 1996; Donahue et al., 1996]. However, new
advances in oncoretroviral gene transduction
methodology [Moritz and Williams, 1999] that
have led to significant improvements in gene
transfer efficiencies in animal transplant models
have culminated of late in the successful treatment
by gene therapy of four patients with X-linked
SCID disease (SCID-X1) [Cavazzana-Calvo et al.,
2000]. This progress can be attributed in part to
key modifications of earlier transduction
protocols: the inclusion of flt3 ligand and
thrombopoietin to cytokine cocktails, which help
preserve the long-term hematopoietic repopulating
ability of HSCs during the ex vivo transduction
procedure [Dao et al., 1997; Bhatia et al., 1997;
Luens et al., 1998]; and the use of certain
fibronectin fragments, which co-localize vector
particles and cells while stimulating HSC survival
and/or proliferation [Moritz et al., 1994;
Hanenberg et al., 1996; Dao et al., 1998]. Another
development that is anticipated to contribute to
improved clinical gene transfer efficacy is the
generation of vector particles pseudotyped with
envelope proteins from the gibbon ape leukemia
virus (GALV) or the feline endogenous virus
RD114, both of which appear to be more efficient
than amphotropic vector particles for transduction
of primate and human HSCs [Kiem et al., 1998;
Dorrell et al., 2000; Porter et al., 1996; Kelly et
al., 2000]. Efficient transduction of candidate
human HSCs with oncoretroviral vectors
pseudotyped with the vesicular stomatitis virus G
(VSV-G) envelope protein has also been reported
[Rebel et al., 1999].

Despite the aforementioned marked improve-
ments in HSC gene transfer efficiency, a second
potential obstacle to effective gene therapy using
HSCs, which has repeatedly been observed in
preclinical studies with standard oncoretroviral
vectors based on Moloney murine leukemia virus
(MoMLV), is positional variegation and extinction
of transgene expression [Fig. (1A)] [Williams et
al., 1986; Challita and Kohn, 1994; Lu et al.,
1996; Lange and Blankenstein, 1997; Robbins et
al., 1998; Cheng et al., 1998; Halene et al., 1999;
Zentilin et al., 2000]. Indeed, position effects and

transgene silencing have been found to occur even
after ex vivo preselection of transgene-expressing
HSCs [Pawliuk et al., 1997; Barquinero et al.,
2000]. For this reason, it will be of great interest to
learn whether the MoMLV-based MFG(B2) vector
expressing a γc cytokine receptor transgene will be
subject to transcriptional down-regulation during
long-term follow up of the SCID-X1 patients who
received transduced CD34+ bone marrow cells
[Cavazzana-Calvo et al., 2000]. The parental MFG
vector was designed to achieve high level
transgene expression by controlled splicing of
vector transcripts, but transcription is driven by an
unmodified MoMLV long terminal repeat (LTR)
[Dranoff et al., 1993; Krall et al., 1996]. Using a
serial bone marrow transplantation assay in
lethally irradiated mice, Kohn and colleagues
documented a high rate of MoMLV vector
expression failure in secondary recipients
concomitant with methylation of the LTR [Challita
and Kohn, 1994]. Essentially identical frequencies
of silencing were observed irrespective of whether
the MFG vector backbone or another MoMLV-
based vector backbone (N2) was employed [Krall
and Kohn, 1996].

Non-function of the enhancer as well as
negative regulatory factors that bind to the LTR
and the 5’-untranslated region have been
implicated as the control mechanisms responsible
for restriction of expression of MoMLV-based
vectors in murine embryonal carcinoma (EC) cells
and embryonic stem (ES) cells [Flanagan et al.,
1989; Tsukiyama et al., 1989; Petersen et al.,
1991; Prince and Rigby, 1991; Grez et al., 1991;
Flanagan et al., 1992; Tsukiyama et al., 1992;
Kempler et al., 1993; Yamauchi et al., 1995]. The
silencers identified include the CGCCATTTT and
TCAAGGTCA elements at the 5’ end of the LTR
and the retroviral tRNA primer binding site,
TGGGGGCTCGTCCGGGAT, in the 5’-untrans-
lated region. The CGCCATTTT element, the core
motif of an upstream conserved region present in
over 90% of mammalian type C oncoretrovirus
isolates (originally referred to as the negative
control region), is bound by the YY-1 (Yin-Yang
1) repressor/activator, a member of the GLI-
Krüppel zinc finger transcription factor family
[Flanagan et al., 1989; Flanagan et al., 1992].
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Transcriptional repression by YY-1 may be
mediated by interaction with a chromatin
modifying histone deacetylase complex targeted to
methylated CpG (cytosine-guanine) dinucleotides
within the promoter region [Yang et al., 1996; Nan
et al., 1998; Jones et al., 1998]. The
TCAAGGTCA element is bound by a factor,
originally termed embryonal LTR-binding protein
(ELP), which was subsequently demonstrated to
be an isoform of the murine SF-1 protein, an
orphan member of the nuclear steroid receptor
superfamily [Tsukiyama et al., 1992; Ninomiya et
al., 1995]. Whereas ELP functions as a repressor
in embryonal cells, alternatively spliced murine
SF-1 transcripts encode positive regulators of gene
expression in EC and steroidogenic cells [Ikeda et
al., 1993; Barnea and Bergman, 2000]. Wild-type
MoMLV uses a cellular tRNAPro to prime

synthesis of the first (minus) strand strong stop
DNA. The tRNAPro primer binding site region
contains a silencer element that suppresses
MoMLV expression in EC and ES cells, and
directs the methylation of viral and adjacent
cellular DNA [Petersen et al., 1991; Berwin and
Barklis, 1993]. A factor (factor A) that binds to a
consensus GGRGGCTCGTYYGGGAT sequence,
which overlaps with 17 of the 18 nucleotides of
the tRNAPro primer binding site, has been
identified but not molecularly characterized
[Kempler et al., 1993; Yamauchi et al., 1995].
Besides abrogation of these negative regulatory
mechanisms, transcriptional inactivity of the
MoMLV LTR in murine embryonal cells can be
circumvented by insertion of an active enhancer
region [Linney et al., 1984].

Fig. (1). Potential for insulators and S/MARs to protect against position effects. (A) Position effects due to the retroviral vector
integration site are believed to contribute to transcriptional silencing of vectors shortly after integration, to expression
variegation (where variable expression is observed within the clonal progeny of a target cell), and to extinction of expression
(where expression is down-regulated with time). (B) Certain combinations of insulators (Ins) and S/MARs may confer
position-independent transgene expression by blocking the negative effects of nearby heterochromatin (or, occasionally, the
positive effects of enhancer elements) [Rivella and Sadelain, 1998; Emery and Stamatoyannopoulos, 1999].
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The murine embryonic stem cell virus (MESV)
created by Ostertag and colleagues contains
modifications in several of the above cis-acting
elements that allow effective transgene expression
in murine EC and ES cells [Grez et al., 1990].
Specifically, MESV harbors a point mutation in
the LTR at position –345 with respect to the
transcriptional start site that destroyed the ELP
binding site [Hilberg et al., 1987] and another
point mutation in the enhancer region at position
–166 that created a functional binding site for the
transcription factor Sp1 (GGGCGG), which was
shown to activate the MoMLV LTR in EC and ES
cells [Grez et al., 1991; Prince and Rigby, 1991].
The MESV vector also possesses a 5’ untranslated
region from the dl587rev virus containing a primer
binding site for tRNAGln instead of tRNAPro, which
removed the factor A repressor binding site
[Colicelli and Goff, 1987]. Hypothesizing that
mechanisms similar to those responsible for the
restriction of expression of MoMLV-based vectors
in undifferentiated murine EC and ES cells might
be operative in HSCs, we derived the murine stem
cell virus (MSCV) retroviral vector [see Fig. (2A)]
from MESV and our HMB vector which had
previously been shown to direct stable gene
expression in these cell types from an internal
murine phosphoglycerate kinase (pgk) promoter
[Hawley et al., 1992; Hawley et al., 1989]. A
number of investigators have confirmed that the
MSCV retroviral vector system is highly efficient
at expressing transgenes in murine HSCs
[Sauvageau et al., 1995; Yan et al., 1996; Hawley
et al., 1996; Persons et al., 1997; Pawliuk et al.,
1997]. Our group subsequently created safety-
modified versions of the basic MSCV backbone
for potential use in human HSC gene therapy
protocols [Hawley et al., 1994; Ally et al., 1995;
Ding et al., 1996; Cheng et al., 1997; Pawliuk et
al., 1999; Patel et al.,  2000; Kalberer et al.,  2000;
Stewart et al., 1999]. Preclinical studies have
documented sustained MSCV-directed transgene
expression following transplantation of transduced
human CD34+ hematopoietic precursors into
sublethally irradiated nonobese diabetic/SCID
(NOD/SCID) mice and SCID-human (SCID-hu)
chimeric mice [Conneally et al., 1998; Cheng et
al., 1998; Novelli et al., 1999; Dorrell et al., 2000;
Kaneko et al., 2001; Guenechea et al., 2001].

Stable in vivo expression from an MSCV-based
vector in T and B lymphocytes for as long as 35
weeks was also observed following engraftment of
rhesus macaques with transduced peripheral blood
CD34+ cells [Donahue et al., 2000]. On the basis
of these results, the MSCV vector platform is
being tested in two Phase I gene therapy trials at
Indiana University School of Medicine. The intent
of one trial is to insert the O6-methylguanine DNA
methyltransferase (MGMT) gene into peripheral
blood CD34+ cells transplanted into patients with
brain tumors as a prelude to future therapeutic
studies designed to increase the dose of the
chemotherapy regimen [Williams, 1998]. The
MGMT protein repairs DNA damage caused by
the nitrosourea-type alkylating agents that are
commonly used to treat this type of cancer. A
major side effect limiting the use of these drugs is
severe myelosuppression due to bone marrow
sensitivity. Preclinical studies in mice suggest that
overexpression of MGMT in hematopoietic
precursor cells may provide multilineage
protection against the chemotherapy-induced
toxicity. The second trial involves patients with X-
linked chronic granulomatous disease (X-CGD)
[Smith et al., 1997]. X-CGD patients have an
inherited disease of host defense in which the
generation of superoxide by the respiratory burst
oxidase of phagocytic leukocytes is absent or
markedly deficient. As a result, they are
susceptible to life-threatening bacterial and fungal
infections. The study addresses the safety of
retroviral-mediated gene transfer of a functional
version of the defective gene, gp91phox, into
peripheral blood CD34+ cells, with the eventual
goal being to restore respiratory burst oxidase
activity.

Other groups have also made MoMLV
oncoretroviral vectors with mutant LTRs and
variant 5’-untranslated regions [Challita et al.,
1995; Riviere et al., 1995; Baum et al., 1995].
Kohn and colleagues created the vector MND
(myeloproliferative sarcoma virus [MPSV]
enhancer, negative control region deleted,
dl587rev primer binding site substituted) and
observed a higher frequency of expression in the
reconstituted hematopoietic systems of mice
compared with a standard MoMLV-based vector
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Fig. (2). Representative retroviral vectors used for HSC gene transfer. (A) MSCV oncoretroviral vector [Hawley et al., 1994].
The region encompassing the 5’ MESV/MSCV LTR and extended packaging signal (ψ+) has been expanded to indicate the

location of a number of features detailed in the text, including: the negative control region bound by the YY-1
repressor/activator; a mutated ELP binding site; deletion of one 75-bp direct repeat in the enhancer element (∆75); a functional

Sp1 binding site; and the primer binding site for tRNAGln from the dl587rev virus. The MESV/MSCV LTR was derived from
the PCMV (PCC4 EC cell-passaged MPSV) retroviral mutant. The extended packaging signal consists of Moloney murine
sarcoma virus (MoMSV) and MoMLV sequences, and harbors a mutated gag start codon. (B) SINF-MU3 HIV-1-based
lentiviral vector [Ramezani et al., 2000a; Ramezani et al., 2000b]. The version shown is a self-inactivating vector containing a
transgene expression cassette driven by the U3 region of a modified MESV/MSCV LTR (PMSCV) in which the YY-1 binding
site has been deleted. The backbone consists of: a chimeric cytomegalovirus immediate early region enhancer-promoter
(CMV)/ HIV 5’ LTR; a portion of the gag gene with a synthetic stop codon (∆gag); part of the env gene containing the RRE for

nuclear export of vector RNAs; a central polypurine tract and an adjacent central termination sequence (cPPT) which creates a
plus strand overlap (the central DNA flap) that acts as a cis-determinant for nuclear import of the HIV preintegration complex;
the WPRE; the IFN-SAR in reverse orientation; and the 1.2-kb chicken β-globin 5’HS4 insulator in the deleted U3 region of

the 3’ LTR, which is transferred to the 5’ LTR after reverse transcription. Promoter start sites and directions of transcription are
indicated. Other abbreviations: SD, splice donor; SA, splice acceptor; pA, polyadenylation site.

[Halene et al., 1999]. Like the MESV/MSCV
LTR, the MND LTR contains an activating Sp1
binding site in the enhancer region due to a point
mutation at position –166. It differs slightly from
the former in that the ELP-binding site has been
retained while the YY-1 binding site has been
deleted. The MPSV/MND LTR enhancer is
generally stronger than the MESV/MSCV LTR
enhancer, which is from PCC4 EC-cell passaged
MPSV and contains only one direct repeat element
[Hilberg et al., 1987; Baum et al., 1995]; however,
there is some evidence to suggest that it may not
perform as well as the MESV/MSCV LTR
enhancer in HSCs [Pawliuk et al., 1997; Beck-

Engeser et al., 1991; Kaneko et al., 2001].
Ostertag and colleagues have gone on to combine
the U3 regions of the LTRs from other retroviruses
with the ES cell-permissive dl587rev primer
binding site to create hybrid retroviral vectors
which they postulate may express better in HSCs
than the MSCV or MND vectors [Baum et al.,
1995; Baum et al., 1996]. Their FMEV vector
backbone, incorporating the U3 region from the
polycythemic strain of the spleen focus-forming
virus, is especially noteworthy in that it contains
an altered enhancer core and Sp1-activating
mutations that disrupted the ELP-binding site
[Baum et al., 1997]. Xenogeneic transplant
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experiments in NOD/SCID mice of human CD34+

cells transduced with GALV-pseudotyped FMEV-
derived vectors have demonstrated persistence of
transgene-expressing cells for up to 120 days post-
engraftment [van Hennik et al., 1998; Barquinero
et al., 2000]. Finally, it should be noted that the
version of the MFG vector used in the clinical
gene therapy trial for SCID-X1 contains a
modified primer binding site (B2 mutation, a G to
A transition at position +160), which Mulligan and
colleagues previously reported led to significantly
improved transgene expression in murine bone
marrow transplant recipients [Cavazzana-Calvo et
al., 2000; Riviere et al., 1995].

MULTIPLY ATTENUATED LENTIVIRAL
VECTOR SYSTEMS

Because of their ability to transduce non-
divided cells (although not necessarily those which
are truly quiescent) [Follenzi et al., 2000; Sirven et
al., 2000; Zennou et al., 2000], lentiviral vectors
are promising tools for ex vivo genetic
modification of HSCs, which reside almost
exclusively in the G0/G1 phase of the cell cycle
[Cheshier et al., 1999; Gothot et al., 1998]. VSV-
G-pseudotyped, human immunodeficiency virus-1
(HIV-1)-based vectors have been shown to readily
introduce exogenous genes into human
hematopoietic progenitors detectable in clonal
culture assays [Akkina et al., 1996; Reiser et al.,
1996; Uchida et al., 1998; Case et al., 1999;
Sutton et al.,  1999] as well as into more primitive
precursors capable of regenerating lympho-
myelopoiesis in NOD/SCID mice [Miyoshi et al.,
1999; Guenechea et al., 2000; Ramezani et al.,
2000b; Woods et al., 2000] and thymopoiesis in
the SCID-hu thymus-liver mouse model [An et al.,
2000]. Current generation lentiviral vectors
contain a 400-bp deletion of enhancer and
promoter sequences in the U3 region of the 3’
HIV-1 LTR which, after transfer to the 5’ LTR by
reverse transcription, yields a ‘self-inactivated’
proviral form incapable of synthesizing vector
transcripts [Zufferey et al., 1998; Dull et al.,
1998]. In addition to improving the biosafety of
lentiviral-mediated gene delivery, removal of these
LTR sequences eliminates the possibility that they
might negatively influence the transcriptional

activity of the internal promoter driving transgene
expression [Rosen et al., 1985; Miyoshi et al.,
1998]. While the utility of HIV-1-based lentiviral
vectors for gene transfer into human HSC subsets
has been established, the majority of the lentiviral
vectors presently in use are not optimized for
transgene expression in HSCs. This is because the
internal promoter typically utilized, the human
cytomegalovirus immediate early enhancer-
promoter [Boshart et al., 1985] does not perform
well in hematopoietic cells [Baskar et al., 1996;
Miyoshi et al., 1999; An et al., 2000]. For this
reason, HIV-1-based lentiviral vectors carrying
other internal promoters, such as the
MESV/MSCV LTR, have recently been
constructed by a number of groups and are being
evaluated in HSC gene transfer studies in the
context of a central DNA flap that acts as a cis-
determinant of HIV-1 DNA nuclear import [Chang
et al., 1999; Follenzi et al., 2000; Ramezani et al.,
2000a; Ramezani et al., 2000b; Salmon et al.,
2000; Sirven et al., 2000; Woods et al., 2000;
Zennou et al., 2000].

CHROMATIN ORGANIZATION AND
POSITION EFFECT VARIEGATION

Even though MSCV-, MND- and FMEV-type
oncoretroviral vectors can overcome many of the
limitations of MoMLV-based vectors, loss of
transgene expression in HSCs still occurs with
these backbones [Halene et al., 1999; Zentilin et
al., 2000; Pawliuk et al., 1997; Barquinero et al.,
2000]. Position effects due to the retroviral vector
integration site are believed to contribute to
transcriptional silencing of vectors shortly after
integration, to expression variegation (where
variable expression is observed within the clonal
progeny of a target cell), and to extinction of
expression (where expression is down-regulated
with time) [Fig. (1A)] [Rivella and Sadelain, 1998;
Emery and Stamatoyannopoulos, 1999]. There is
considerable evidence that transcriptionally active
genes in the eukaryotic genome are organized into
independent domains. The domain organization is
believed to be brought about by regions that
function to attach the DNA to a skeleton of protein
cross-ties called the nuclear scaffold (in
metaphase) or nuclear matrix (in interphase)so-
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called scaffold or matrix attachment regions
(S/MARs)forming chromatin loops [Bode and
Maass, 1988; Garrard, 1990]. Not all S/MARs
form boundaries or ‘insulators’ between domains,
however, since some of them reside within the
introns of genes [Cockerill and Garrard, 1986];
conversely, elements exist that serve as domain
boundaries without having S/MAR activity
[Chung et al., 1993; Chung et al., 1997].

Chromatin Insulators

The first example of insulator elements that can
serve as domain boundaries were the constitutive
DNase I hypersensitive scs and scs’ sites of
Drosophila, which marked the chromatin
boundaries of a heat shock locus and could protect
an inserted exogenous gene from both negative
and positive endogenous influences [Udvardy et
al., 1985]. Insulator elements have also been
identified in vertebrates based on enhancer
blocking activity. The best characterized
vertebrate insulator is a 1.2-kb fragment
containing the chicken β-globin 5’ constitutive
DNase I hypersensitive site (5’HS4) present in all
tissues [Chung et al., 1993; Chung et al., 1997].
Felsenfeld and colleagues first showed that the
1.2-kb chicken β-globin 5’HS4-containing
fragment blocked the activating effects of a nearby
β-globin locus control region when assayed in the
human erythroid cell line K562. These
investigators further demonstrated that the 5’HS4
element functions as an scs-like insulator in
Drosophila, protecting a stably introduced white
minigene from position effects. The 5’HS4
element has also been shown to prevent position
effect variegation in transgenic mice [Wang et al.,
1997]. In other work from the Felsenfeld
laboratory, transgene methylation and histone
deacetylation associated with extinction of
transgene expression were prevented by flanking
the reporter construct with 5’HS4 insulators
[Pikaart et al., 1998]. A GC-rich core element of
the 5’HS4 insulator has been mapped to a 250-bp
fragment that contains binding motifs for Sp1 but
no significant promoter activity [Chung et al.,
1997]. More recently, a 42-bp sequence within the
core has been identified that is both necessary and
sufficient for the enhancer blocking activity of the

insulator [Bell et al., 1999]. The 42-bp sequence is
recognized by CTCF (CCCTC-binding factor), a
highly conserved and ubiquitous DNA-binding
protein implicated in both transcriptional silencing
and activation [Bell et al., 1999].

Several groups have examined the ability of the
5’HS4 element to protect oncoretroviral vectors
from position effects. Stamatoyannopoulos and
colleagues incorporated the 1.2-kb 5’HS4
fragment in a 5’→3’ orientation within the 3’ LTR
of an MSCV-based vector [Emery and
Stamatoyannopoulos, 1999; Emery et al., 2000].
During reverse transcription, the 5’HS4 element is
copied to the 5’ LTR and thus flanks the vector
sequences upon integration. In a murine bone
marrow transplant model, the 5’HS4 element was
found to result in ~7-fold increases in the
probability of expression from the MESV/MSCV
LTR and the internal pgk promoter compared with
an uninsulated vector when assayed 8 months
post-transplant [Emery et al., 2000]. Nienhuis and
colleagues similarly observed that inclusion of the
5’HS4 element in the MESV/MSCV 3’ LTR
improved human γ-globin gene expression from a
chimeric HS40 enhancer/β-globin promoter in
differentiated murine erythroleukemia cells
[Persons et al., 2000]. The Stamatoyannopoulos
group also reported that 5’HS4 insulating activity
appears to be somewhat orientation-independent;
decreased transgene expression and lack of
insulation were observed for particular vector
configurations, perhaps due to topological
constraints and/or distance effects [Yannaki et al.,
2000]. The findings are consistent with other work
which demonstrated that the 5’HS4 insulator could
exert negative effects on promoter activity in some
instances and that the insulating activity of the
element was not dominant in all contexts [Walters
et al., 1999]. In this regard, it is important to note
that two flanking copies of the 5’HS4 element
have usually been used to prevent position effects
in long-term cell culture studies and in transgenic
Drosophila and mice [Chung et al., 1993; Wang et
al., 1997; Pikaart et al., 1998]. Full insulator
activity in the enhancer blocking assay also
required two copies of the 5’HS4 element [Chung
et al., 1993; Chung et al., 1997]. In accord with
these results, Sadelain and colleagues found that
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when the 1.2-kb 5’HS4 fragment was inserted into
the 3’ LTR of an MFG-based vector, it increased
the probability of transgene expression and
decreased the level of de novo methylation of the
retroviral LTR in erythroleukemia cells but could
not prevent MFG LTR methylation and vector
silencing in ES cells [Rivella et al., 2000].
Notably, the 5’HS4 element did not appear to be
functioning as a boundary element at the silenced
integration sites since there was no evidence of
DNAse I hypersensitivity.

Scaffold/Matrix Attachment Regions

DNAse I hypersensitive sites are frequently
found in regions of DNA containing S/MARs
[Gasser et al., 1989]. As noted above, S/MARs are
DNA elements, which are operationally defined by
their in vitro affinity for the nuclear scaffold or
matrix, that appear to mediate several functions in
the eukaryotic genome including delimiting the
topological borders between chromatin domains
and augmenting gene expression. The 1.2-kb
chicken β-globin 5’HS4 insulator does not appear
to have S/MAR activity [Chung et al., 1993;
Chung et al., 1997]. In contrast to the core region
of the 5’HS4 element, which is GC-rich (~70%)
with a high density of CpG dinucleotides
(reminiscent of a CpG ‘island’), S/MARs are
highly AT rich (>70%) [Boulikas, 1993].
Although S/MAR elements share some common
structural features (i.e., stress-induced base-
unpairing regions [Benham et al., 1997]), no
consensus sequence has been identified. Since they
can be distinguished from enhancers by inactivity
in transient expression experiments, it has been
proposed that S/MARs may support the targeting
of enhancers to the nuclear matrix providing for
their proximity to transcribed units or limiting the
action of an enhancer to the domain in which it
participates. Another hypothesis is that S/MARs
function as dominant activators to establish local
access of transcription factors to enhancer/
promoter sequences within a domain [Jenuwein et
al., 1997]. Whatever the mechanism, certain
S/MARs have been demonstrated to stimulate
position-independent transgene expression in
stable transfection experiments and in
preimplantation transgenic mice [Stief et al., 1989;

Klehr et al., 1991; McKnight et al., 1992;
Thompson et al., 1999].

Two groups have investigated whether insertion
of the S/MAR believed to define the upstream
border of the human interferon-β locus into
various oncoretroviral vectors could result in
enhanced transgene expression. Plavec and
colleagues reported that incorporation of a 0.8-kb
fragment of the human interferon-β S/MAR (IFN-
SAR) resulted in 2- to 10-fold improved transgene
expression in human primary CD8+ T cells,
prevented loss of transgene expression during in
vitro differentiation of CD34+ cells into monocyte-
macrophages (enhancing transgene expression 3-
to 6-fold) and increased transgene expression in
CD4+ T cells generated from retrovirally
transduced human CD34+ cells engrafted into a
SCID-hu thymus-liver mouse model [Agarwal et
al., 1998; Auten et al., 1999]. Interestingly, these
investigators observed an enhancing effect when
the IFN-SAR was inserted into the 3’ LTR or just
upstream of the 3’ LTR only when the element
was inserted in the reverse orientation with respect
to its orientation in the human interferon-β locus.
In the direct orientation, transgene expression was
found to be lower than with the parental vector.
Context-dependent augmentation of retroviral-
mediated transgene expression by the IFN-SAR
had been observed previously by Bode and
colleagues [Schubeler et al., 1996]. They showed
that when the same IFN-SAR fragment was
inserted into the 3’ LTR or just upstream of the 3’
LTR in an MPSV-based retroviral vector,
enhancement of transgene expression occurred
when the distance between the IFN-SAR and the
transcriptional start site was about 4 kb. However,
at distances below 2.5 kb, transcription from the
retroviral LTR was essentially shut off. In more
recent studies, Plavec and colleagues have
documented that the IFN-SAR in the reverse
orientation can confer copy number-dependent
transgene expression on an MoMLV-derived
retroviral vector and can prevent de novo
methylation of the 5’ LTR in a human T-cell line
[Dang et al., 2000]. It is notable that out of seven
additional S/MARs tested by these investigators,
only one other (undisclosed) S/MAR apparently
exhibited retroviral vector enhancing activity
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[Plavec et al., 1999], indicating that S/MAR
activity was not predictive of a positive effect on
transgene expression. In view of the suggestion
that eukaryotic cells utilize two strategies for
chromatin opening, CpG islands and S/MARs
[Zhao et al., 1993], it will be of interest to
determine whether the combination of the chicken
β-globin 5’HS4 insulator and the human IFN-SAR
in an oncoretroviral or lentiviral vector platform
will provide a superior protective effect in HSCs
[Fig. (1B)].

POSTTRANSCRIPTIONAL REGULATORY
ELEMENTS AND CONSTITUTIVE TRANS-
PORT ELEMENTS

Most cellular mRNAs in eukaryotes are
expressed as primary transcripts containing introns
that must be removed by splicing prior to mRNA
export and translation [Luo and Reed, 1999; Zhou
et al., 2000]. By comparison, retroviruses have
evolved mechanisms that allow the nuclear export
and cytoplasmic accumulation of unspliced as well
as spliced RNAs. This bypass of the requirement
for splicing is accomplished by specific
interactions between cis-acting RNA transport
elements and corresponding viral or cellular
factors [Gruter et al., 1998]. For example,
MoMLV contains a nucleocytoplasmic transport
element within the gag open reading frame,
originally identified as the ‘extended packaging
signal’ [King et al., 1998]. In the case of
lentiviruses like HIV-1, nuclear export is
accomplished by the interaction of a virally
encoded protein, Rev, with a cis-acting RNA
element, the Rev-responsive element (RRE). The
simian type D retroviruses, Mason-Pfizer monkey
virus and the simian retroviruses type 1 and 2,
contain autonomous RNA export signals termed
constitutive transport elements, which can largely
replace the HIV-1 Rev-RRE system [Bray et al.,
1994; Ernst et al., 1997; Mautino et al., 2000].
Other elements, referred to as posttranscriptional
regulatory elements, are present in hepatitis B
virus and woodchuck hepatitis virus [Huang and
Yen, 1994; Donello et al., 1998]. Recent studies
have demonstrated that these elements can
augment the expression of transgenes delivered by
retroviral and lentiviral vectors [Gasmi et al.,

1999; Zufferey et al., 1999; Donahue et al.,  2000;
Kalberer et al., 2000; Mautino et al., 2000]. The
woodchuck posttranscriptional regulatory element
(WPRE) appears to be particularly effective when
added to retroviral vectors, outperforming the
hepatitis B virus posttranscriptional regulatory
element and the Mason-Pfizer monkey virus
constitutive transport element, improving
transgene expression by as much as 10-fold
[Zufferey et al., 1999; Jiang et al., 1999;
Schambach et al., 2000]. The increased activity of
the WPRE appears to be related to an ancillary
capability of the element to enhance 3’-end
processing and polyadenylation [Loeb et al.,
2000]. Recent results have confirmed that the
WPRE can markedly improve transgene
expression from certain lentiviral transfer
backbones in hematopoietic cells [Ramezani et al.,
2000b]. Notably, however, inclusion of the WPRE
in lentiviral vectors carrying the human elongation
factor 1α (EF1α) promoter and the composite
CAG promoter (consisting of the cytomegalovirus
immediate early enhancer and the chicken β-actin
promoter) only nominally influenced the levels of
transgene expression that could be achieved from
these intron-containing transcriptional units. The
findings are congruent with the notion that there is
substantial overlap in the functional activity of the
WPRE and the splicing of introns [Huang et al.,
1999]—a concerted process that is tightly linked to
3’-end formation, polyadenylation and cyto-
plasmic export of mRNAs [Minvielle-Sebastia and
Keller, 1999]—and provide a basis for the rational
design of optimized lentiviral delivery vehicles for
human HSC gene transfer applications.

CONCLUDING REMARKS

In conclusion, the accumulated data suggest
that the use of modified LTRs in conjunction with
alternative envelope proteins will result in
improved oncoretroviral-mediated transfer of
functional transgenes into human HSCs. On the
other hand, with a wild-type genome size of 9.7 kb
and the ability to package more than 11 kb of viral
RNA [Trono and Baltimore, 1990], self-
inactivating HIV-1-based lentiviral vectors can
more readily accommodate additional chromatin
and posttranscriptional genetic control elements
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than MoMLV-based oncoretroviral vectors. This
type of retroviral vector may therefore overcome
the remaining obstacles preventing widespread
successful translation of HSC gene transfer
methodology to the clinic. Studies in NOD/SCID
mice transplanted with candidate human HSCs
transduced with next generation HIV-1-derived
lentiviral vectors incorporating the features
discussed in this review [Fig. (2B)] are currently
underway [Ramezani et al., 2000a; Ramezani et
al., 2000b]. Positive outcome of these
investigations is expected to provide the
foundation for therapeutic HSC gene transfer in
humans.
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