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Retrovirus-mediated gene transfer and
expression cloning: Powerful tools in functional genomics

Toshio Kitamura®, Yuko Koshino?, Fumi Shibata?,
Toshihiko Oki’, Hideaki Nakajima®, Tetsuya Nosaka®, and Hidetoshi Kumagai®

Divisions of *Cellular Therapy and *Hematopoietic Factors, The Instiute of Medical Science, The University of Tokyo, Tokyo, Japan

Most of the human genome has now been sequenced and about 30,000 potential open reading
frames have been identified, indicating that we use these 30,000 genes tofunctionally organize our
biologic activities. However, functions of many genes are still unknown despite intensive efforts
using bioinformatics as well as transgenic and knockout mice. Retrovirus-mediated gene transfer
is a powerful tool that can be used to understand gene functions. We have developed a variety
of retrovirus vectors and efficient packaging cell lines that have facilitated the development
of efficient functional expression cloning methods. In this review, we describe retrovirus-
mediated strategies used for investigation of gene functions and function-based screening
strategies, © 2003 International Society for Experimental Hematology. Published by

Elsevier Inc.

Function-based gene cloning

It was only 30 years ago that recombinant DNA technology
was initiated [1]. The globin gene was cloned as the first
mammalian gene in 1976 that was reverse transcribed from
the purified mRNA for globin [2]. For less abundant mRNAs,
the ¢cDNAs were frequently isolated based on the amino
acid sequences of purified proteins. In late 1970s, a method
called hybrid selection was developed. The principle of this
method was to detect proteins translated from the mRNA
hybridized to a particular pool of subdivided cDNA library
fixed on nitrocellulose membranes, theteby identifying a
pool that contains a cDNA of interest. Xenopus oocyte was
used for production of proteins. This type of experiment
is called “expression cloning,” which means “cloning of
¢DNA by detection of proteins expressed from ¢cDNA librar-
ies.” This strategy is suitable forisolation of rare c DNAs, such
as cDNAs for cytokines and cytokine receptors. Levels of
the protein expression are low, but a small amount of protein
is enough to exert biologic functions.

A variety of expression cloning strategies has been estab-
lished and utilized for cloning of ¢DNAs based on the
biologic functions of their protein products. One of the early
expression cloning methods used the Escherichia coli ex-
pression system for expression of cDNAs followed by detec-
tion by antibodies. In the early 1980s, the hybrid selection

Offprint requests to: Toshio Kitamura, M.D., Ph.D., Division of Cellular
Therapy, The Institute of Medical Science, The University of Tokyo. 4-6-
1 Shirokanedai, Minato-ku, Tokyo 108-8639, Japan; E-mail: kitamura@
ims.u-tokyo.ac.jp

method was used for identification of cDNAs for cytokines
using growth stimulation as a screening method. This method
was later modified to directly transcribe ¢cDNAs in Xenopus
oocyte using the SP6 promoter. Alternatively, genomic
DNAs were used to functionally clone cDNAs. The famous
oncogene screening method, the focus-forming assay, using
NIH3T3 cells falls into this category. It was notable that the
invention of COS cells, in which plasmids can be amplified
for the first time in mammalian cells, enabled expression
cloning using mammalian cells {3]. A variety of cDNAs
were isolated by the COS cells-based functional cloning
method. However, this strategy depended on specific cells
such as COS7 cells where the SV40 large T antigens are
expressed to enable amplification of SV40 origin-bearing
plasmids [4]. Therefore, only transicnt assays can be used
for the screening,

To overcome the limitations of the conventional expres-
sion cloning system using COS cells, we and others turned
to the idea of harnessing the power of retrovirus gene transfer
to develop function-based screening of cDNAs.

Retrovirus-mediated expression

screening; rationale and application
Retrovirus-mediated expression cloning was developed in
mid 1990s [5-8]. Construction of acDNA library in aretrovi-
rus vector is not different from that in a plasmid vector
[9]. One can gencrate either uni-directional or bi-directional

0301-472X/03 $-see front matter. Copyright © 2003 Intemational Society for Experimental Hematology. Published by Elsevier Inc.
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¢DNA libraries depending on the intended application. Com-
plimentary DNAs are generated using either oligo-dT primers
or random hexamer primers. The library is kept as DNA
solution, and is converted to retroviruses by using packaging
cell lines. To generate retroviruses that represent and cover
a high complexity of cDNA libraries, it is recommended to
use 293-based packaging cell lines that are efficient in tran-
sient packaging (10,11]. The virus stock containing high-
titer retroviruses is used to infect target cells, and the infected
cells are selected for the phenotype of interest. The inte-
graled cDNA then is recovered by genomic polymerase chain
reaction (PCR) or reverse transcriptase (RT)-PCR to deter-
mine which cDNA is responsible for the phenotype and is
subjected to the sequence.

The retrovirus-mediated expression cloning method is
efficient because the number of the provirus integrations in
cach cell is limited. Therefore, it is not necessary to recover
and reintroduce the plasmid from, and into, the cells repeat-
edly, as in the conventional method using COS7 cells. In
retrovirus-mediated expression cloning, the infection effi-
ciencies should be controlled between 10% and 30% to
avoid multiple integration in a cell as much as possible.
Alternatively, one can recover the integrated retroviruses by
transfecting a helper construct harboring gag-po! and env
genes into the isolated clone that has acquired a phenotype
of interest afier transduction of the ¢cDNA library. In this
case, the recovered retrovituses are infected to the target
cells to determine which integration was responsible for
the phenotype.

The most important advantage over the conventional
method is that any functional assay can be applied to identify
cDNAs by their functions because, once integrated, the ex-
pression of the retrovirally transduced ¢cDNA usually is
stable.

Retrovirus-mediated
expression cloning: some examples
A variety of functional assays can be utilized in retrovirus-
mediated expression cloning. For instance, cellular recep-
tors for various viruses were identified based on infectability
of the viruses. Infection-resistant cells transduced with the
library derived from infectible cells are screened by infection
of the virus vector harboring a reporter gene such as GFP.
The ¢cDNA recovered from reporter gene-positive cell (i.e.,
infectible cell) should encode a receptor for a virus of inter-
est. Co-receptors for human immunodeficiency virus (HIV)
and simian immunodeficiency virus (SIV) were identified
in this way from ¢DNA libraries derived from human T
cells [12,13]. A receptor for polytropic and xenotropic retro-
virus, which had been searched for, was identified using the
same approach [14],

Tumeor necrosis factor (TNF) and Fas induce apoptosis
through activation of downstream signaling pathways. After
introduction of cDNA library into the cells, some cells may

become resistant to TNF and Fas stimulation by expressing
a retrovirally introduced ¢cDNA. Using this strategy, a novel
transcription factor BSAC and an adhesion molecule ICAM-
2 have been identified as inhibitors of TNF-induced and
TNF- and Fas-induced apoptosis, respectively [15,16]. In-
triguingly, ICAM-2 was found to activate PI3K, PDK-1, and
Akt, leading to inhibition of apoptosis [16). Thus, identifica-
tion of proteins based on their functions sometimes leads to
unexpected and important findings. Another example of
the unexpected result was encountered in our study. Mouse
leukemic Mt cells differentiate into macrophages and un-
dergo apoptosis upon interleukin-6 (IL-6) stimulation. Starr
et al. [17] identified an inhibitor of the cytokine signal,
SOCS-1, by isolating an IL-6-resistant M1 clone after trans-
ducing a cDNA library to M1 cells via retrovirus infection.
By the same strategy, we identified Al. which is an anti-
apoptotic protein of the bel-2 family and protected M1 cells
from IL-6-induced apoptosis [18]. We also discovered a
novel GAP MgcRacGAP in the anti-scnse orientation from
an IL-6-resistant clone; expression of anti-sense MgecRac-
GAP protected M1 cells from IL-6-induced differentiation
and apoptosis. On the other hand, overexpression of Mge-
RacGAP induced differentiation into macrophages in HL60
cells. An unexpected finding brought by the subsequent
study was that MgcRacGAP is required for cell division,
especially for cytokinesis [19,20]. It would be interesting to
investigate the link between cytokinesis and cell differentia-
tion. Thus, functional identification of protein is a powerful
tool in cell biology.

Structure/function analysis

using rétrovirus-mediated screening

combined with PCR-driven random mutagenesis

In addition to applications for a variety of expression cloning
strategies, the retrovirus-mediated expression system can be
used to identify a mutant molecule with altered functions.
For instance, we identified constitutively active forms of a
cytokine receptor MPL [21] and a transcription factor STATS
[22]. In brief, we introduced random mutations into MPL
and STATS by PCR. The PCR products then were ligated
into the retrovirus vector pMX [9], and the li gated DNA was
amplified in E. coli. Thus, the resulting plasmid DNA
represented a mutation library of the protein of interest,
This library was transiently transfected into a 293-based
packaging cell to generate the retrovirus stock representing
the mutation library of a particular molecule. It then was
infected to target cells, and the infected cells were selected
for a phenotype of interest, followed by retrieving and se-
quencing the integrated retrovirus of the selected clones. In
our experiments, we used mouse IL-3—dependent Ba/F3 cells
as targets, and selected the library-transduced Ba/F3 cells in
the absence of IL-3 to isolate factor-independent clones.
In that manner, we were able to identify constitutively active
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mutants of MPL [21] and STAT5A [22] that induced factor-
independent growth in Ba/F3 cells as well as other IL-3-
dependent cell lines. The constitutively active mutants of
various signaling molecules will be useful for analyzing
signaling pathways. In addition to isolation of active mutants
of various molecules, this strategy will be applicable in
generating various mutants with acquired functions. For
instance, one may want to generate restriction enzymes that
recognize altered restriction sites, or cytokines with stronger
activities or with less side effect in vivo.

SST-REX, an efficient signal sequence

trap based on retrovirus-mediated gene transfer
Sorting of the protein between the cellular components is
regulated by various sorting signals in the proteins, such
as the nuclear localization signal and the mitochondrial tar-
geting sequence. Signal sequence is one such sorting signal
found in type I transmembrane proteins and secreted pro-
teins. Tashiro et al. [23] developed an elegant method called
signal sequence trap (SST) by which signal sequence-harbor-
ing cDNAs are specifically isolated. The rationale of the
method is to search for 2 cDNA fragment that contains a
signal sequence and directs a signal sequence-defective
CD?25 to the cell surface by the fusion. This method, how-
ever, is time consuming and leads to frequent isolation of
false-positive clones. Klein et al. [24] invented a modified
SST method using growth of a yeast mutant YT455 as a
screening method. We applied retrovirus-mediated gene
transfer and developed an efficient and accurate method SST-
REX (signal sequence frap-retrovirus-mediated expression
screening) using mammalian cells [25]. We used the consti-
tutively active MPL [21] in developing SST-REX, as illus-
trated in Figure 1. In brief, we construct a ¢cDNA library in
a retrovirus vector in which ¢DNA fragments are fused
to an extracellular deletion mutant of the constitutively active
MPL. The fusion library then is transduced into L-3—depen-
dent Ba/F3 cells via retrovirus infection. When the inserted
cDNA fragment contains a signal sequence, it directs the
mutant MPL on the cell surface and confers Ba/F3 cells
factor independence. We then recover the integrated cDNA
from the factor-independent Ba/F3 clones. Ten milliliters of
the virus supernatant gives rise to isolation of about 1000 to
2000 signal sequences with 95 to 100% accuracy. Whereas
previous methods collected shorter cDNA fragments for
SST, we use cDNA fragments in the range from 0.5 to 6
kbp. In the results, the average length of cDNA fragments
isolated in SST-REX is about 1 kbp. In SST, gencrally
speaking, shorter cDNA fragments (shorter than 100-200
bp) will give false-positive results more frequently (unpub-
lished results), and we believe this is a reason why SST-
REX achieves higher accuracy than other methods.

1009
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Figure 1. Retrovirus-mediated signal sequence trap method, SST-REX.
The signal sequence and a part of the extracellular domain were deleted
from the constitutively active mutant of MPL (AMPL*). When a cDNA
fragment fused to this mutant contains the signal sequence (ss positive),
it directs surface expression of cDNA-AMPL* fusion product, thereby
inducing factor independence in Ba/E3 cells.

FL-REX, a method by which cDNA is identified

based on subcellular localization of its protein product
We also developed a novel expression screening method
(FL-REX: fluorescence localization—retrovirus-mediated ex-
pression screening) in which a cDNA can be isolated based
on subcellular localization of the protein |26]. Briefly, we
express cDNAs as GFP-fusion proteins in NIH3T3 cells via
a retrovirus vector, and GFP-fused proteins are identified
by subcellular focalization through fluorescence microscopy.
With this method, it is possible to clone cDNAs for proteins
that specifically localize in the nucleus, nucleoli, Golgi appa-
ratus, cell surface, and mitochondria, If computerized fluo-
rescence microscopy is combined with FL-REX, it also would
be possible to isolate cDNAs whose protein products shuttle
between different cellular compartments in response to vari-
ous stimuli, such as cytokines, ultraviolet irradiation, and
heat shock.

Genetic approaches in a mammalian system

Genetic approaches using complementation is another field
for retrovirus-mediated expression cloning. It is possible to
complement the deficiency of the mutant cells from patients
with genetic disorders by introducing ¢DNA libraries from
normal cells. If efficient assay systems were available, it
would be easy to isolate the causative genes of various genetic
diseases using retrovirus-mediated expression cloning.

It also is possible to first establish the mutant by chemical
mutagenesis or irradiation and then complement the defect
of the mutant using a ¢cDNA library derived from normal
cells to search for a missing gene in the mutant. In that way,
one can identify a series of molecules responsible for a
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particular function. For example, Yamaoka et al. [27] identi-
fied an important subunit of IKK complex NEMO by com-
plementing the mutant cells in which the NFxB pathway
was disrupted by chemical mutagenesis. Stoeclin et al. [28]
identified BRF1 as a regulator essential for ARE (AU-rich
element)-dependent mRNA decay. In this experiment, a mu-
tagenized cell line (slowC) that failed to degrade cytokine
mRNA was used. When a GFP reporter construct with ARE
was introduced into slowC mutant, unlike in normal cells,
mRNA for GFP was not degraded because of a missing factor
that was responsible for the ARE-dependent degradation
of the mRNA, thereby maintaining the high GFP expression.
A ¢DNA library was introduced into the slowC mutant to
identify the revertant based on the reduced expression of
GFP, and BRF! was found to be a regulator that degraded
GFP mRNA in an ARE-dependent manner.

We also used a genetic approach combined with retrovi-
rus-mediated expression cloning [29] to search for bone
marrow stroma ceil-derived growth factors (Fig. 2). We used
the Ba/F3 cell line, which is unique because of its depen-
dence on only mouse IL-3 and not other cytokines. Most
bone marrow stroma cell lines do not produce IL-3 and
therefore cannot maintain the growth of Ba/F3 cells. Our
strategy was to establish stroma-dependent Ba/F3 mutants.
Most of such mutants were found to be dependent on granu-
locyte-macrophage colony-stimulating factor (GM-CSF) or
stem cell factor (SCF), thus indicating that they ectopically
expressed receptors for GM-CSF and SCF through chemical
mutagenesis. Some mutants did not respond to known fac-
tors, and we chose one such clone ($21), which can oToOw
on ST2 stroma cells but not on other several lines such as
MS10. Subdivided pools of an ST2-derived cDNA library

& stroma-derived factor
8 receptor for stromu-derived facior

‘@ mIL-3-dependent Ba/F3 cells
l EMS

? Stroma-dependent Bo/F3 mutants

T ] w.%;
bS5y L
stroma A (supportive}  stroma B {non-supportive)
Lot
library sibling <8¢
¢DNA cloning

Figure 2. Genetic approach for isolation of stroma-derived factors that
stimulate cell growth. Chemical mutagenesis is combined with functional
complementation based on retrovirus-mediated gene transfer, Theoretically,
all of the stroma-derived factors that support cell growth can be identified
by this method.

are transduced via retrovirus infection into MS10 cells to
identify the pool that contains a cDNA encoding the $T2-
derived factor responsible for induction of $21 growth. After
isolation of a pool expected to contain such a cDNA, the pool
is further divided to eventually identify a single clone
(sibling). In this way, we were able to identify a mem-
brane integral protein with six transmembrane domains. This
molecule had been originally identified as a soluble factor
called immune suppressor factor (ISF), but curiously it
turned out to be a subunit of the vacuolar-type ATP-associ-
ated pump. This experiment never would have been success-
ful by the conventional expression cloning method utilizing
COS7 cells because cell—cell interaction was required for
the induction of cell growth by ISE Intriguingly, when ISF
was overexpressed in MSI10 cells, the S21 Ba/F3 mutant
as well as bone marrow progenitor cells proliferated on and
underneath the stroma cells, and formed a cobblestone-like
area, which is a hallmark of proliferation of hemopoictic
progenitor cells.

Advantages of retrovirus-mediated
gene transfer in investigating gene functions
In addition to the function-based screening of cDNA librar-

" ies, efficient retrovirus-mediated gene transfer is useful to

investigate functions of genes, particularly those with inhibi-
tory functions in the control of cell growth because it is
difficult 10 establish stable transformants that express such
genes. One may want to use inducible expression systems
including the tet-repressor system. However, it turned out
to be difficult to establish stable transformants expected to
inducibly express genes such as SOCS-1, probably because
even leaky expression of such genes hampers establishment
of a stable transformant (unpublished results).

If the infection efficiency is more than 30 to 50% in a
particular cell type, we should be able to readily see the
gene function by observing the effect of gene expression in
abulk culture transduced with the gene of interest via retrovi-
rus infection. It also is possible to use a bicistronic retrovirus
vector that harbors the internal ribosomal entry site (IRES)
and simultaneously expresses a gene of interest and a re-
porter gene from one mRNA. Alternatively, retrovirus vec-
tors can be designed to express a dominant-negative form
of a particular protein, the anti-sense cDNA, or the RNA{
construct to investigate functions of a particular gene in a
particular cell type. Using our efficient retrovirus-mediated
gene transfer system described in the following, we are able
to investigate gene functions even in primary cultured cells
such as T cells and mast cells.

Improvement of retrovirus-mediated gene transfer
Improved retroviral systems are being developed to facilitate
applications to expression cloning and functional genomics.
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Our own efforts to enhance both packaging and vector com-
ponents are briefly reviewed in the following to illustrate
possible approaches.

Improvement of retrovirus packaging cells

Retrovirus vectors lack viral structural genes and require
packaging cells to generate viral particles [30,31]. Conven-
tionally, NIH3T3 cell-based packaging cells were used to
establish stable producers of recombinant retroviruses. This
strategy was time consuming. In 1993, Pear et al. [ 10] estab-
lished the unique packaging cell line BOSC23; they stably
mtroduced gag-po! and env expression constructs into 293T
cells well known for high efficiency in transient transfection.
Establishment of BOSC23 brought a revolution in retrovirus-
mediated gene transfer. High-titer retroviruses (~108 IU/mL}
can be readily prepared in a couple of days by transiently
transfecting retrovirus vectors into BOSC23 cells, However,
it was difficult to maintain the potential of the BOSC23 cells
to produce high-titer retroviruses by transient transfection
during long-term culture.

To generate more stable and cfficient packaging cell lines,
we developed unique packaging constructs to express gag-
pol and env genes (Fig. 3). The packaging constructs used
the EFla promoter for efficient expression in 293T cells, the
IRES to simultaneously express viral structural genes and
drug selection markers from one mRNA, and the Kozak

[EE) e EIEEY D

packging cefl

Figure 3. Efficient packaging of retroviruses by PLAT-E cells. The follow-
ing features have been incorporated to the packaging constructs. 1} The
EFlo promoter was used to express gag-pol and env because it was
the strongest promoter among the seven tested in 293T cells. The EFlex
promoter was 100-fold stronger than the MMLV LTR used in most packag-
ing cell lines, including BOSC23. 2) The IRES was used to simultaneously
express viral structural genes and drug selection markers from one mRNA,
which provides the stable expression of gag-pol and env products under
drug selection. 3) Only the coding regions of gag-pol and env genes were
used in order to avoid incorporation of the retrovirus sequence as much
as possible, thereby decreasing the probability of production of replication-
competent retroviruses by recombination. 4) To increase the translation ef-
ficiency, the Kozak sequence was placed before the ATG start codon of gag
and env.

sequence for efficient translation. These packaging con-
structs were stably transfected into 293T cells, and an
cfficient packaging cell line PLAT-E was obtained [11].
PLATY-E cells produce 1 x 107 IU/mL by transient transfec-
tion of pMX even after long-term culture if the cells are
maintained in the presence of blasticidin and puromycin.
We also used env genes derived from amphotropic retrovirus
(4070A) and feline endogenous retrovirus (RD1 14) to gener-
ate PLAT-A and PLAT-F cell lines, The titers of retroviruses
produced from PLAT-A and PLAT-F are 1 x 10° IU/mL, one
tenth of those produced from PLAT-E (unpublished results).
The RD114 Env derived {rom feline endogenous viruses was
reported to facilitate gene transfer into human hematopoietic
stem cells [32). Another packaging cell line PLAT-gp ex-
pressing only the gag-pol gene is available for generating
pseudotype retroviruses with differing envelop proteins such
as VSV-G.

New series of retrovirus vectors that

avoid expression of Gag and Gag-fusion proteins

A variety of retrovirus vectors are available for many differ-
ent purposes. Comparison of these vectors is not the purpose
of this review. Here we introduce mainly our retrovirus
vectors designed for expression cloning and efficient gene
transfer. We have been using the pMX vector [9] and its
derivatives that were derived from the MFG vector [33]. The
PMX vector harbors 5° long terminal repeat (LTR) and
the extended packaging signal derived from MFEG fol-
lowed by a multi-cloning site (MSC) suitable for cDNA
library construction and 3" LTR of MMLYV. The resulting
vector pMX in combination with PLAT-E cells produces, on
average, 1x 10’ [U/mL. With high-titer retroviruses, one
can efficiently introduce the gene of interest into most
mouse cell lines as well as primary cultured cells such as
T cells, mast cells, and neuronal cells with an infection effi-
ciency ranging from 20 to 60% [34,35). To further increase
infectionefficiency, either Retronectin (Takara, Kyoto, Japan)
or concentration of retroviruses by medium-speed centrifuge
(8000g at 4° C for 16 hours) can be applied, and the infection
efficiencies in these cells can reach 80% [34].

Unlike most other retrovirus vectors such as LXSN and
MSCYV, the pMX vector harbors the splicing donor and ac-
ceptor sites and produces two types of transcripts, the full-
length genome RNA and the subgenomic RNA (Fig. 4A).
Therefore, in addition to the correct proteins produced from
the subgenomic RNA, Gag-fusion proteins could be ex-
pressed from the full-length genome RNA if the reading
frame of gag and that of the inserted gene match and there
is no stop codon between them. To generate improved vec-
tors free of the Gag and the Gag-fusion proteins, we disrupted
the ATG start codon of gag, inserted a stop codon down-
stream of the CTG start codon of glyco gag, and inserted
triple stop codons in three different reading frames just
before MCS. The improved vectors are termed pPMXs. A
variety of pMXs series are depicted in Fig. 4B, including
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MMLV-based vectors usually are silenced in immature
cells, including embryonic carcinoma (EC) cells and embry-
onic stem (ES) cells, and possibly hematopoietic stem cells.
Indeed, pMX vectors are quickly silenced in EC and ES
cells. MESV and PCMV are mutants of MMLV and can
stably express genes in immature cells [31). To enable ex-
pression of genes in immature cells, vectors that incorporated
the PCMV LTR and MESV primer binding site (PBS) were
developed by Ostertag’s group in Germany [36]. These in-
clude FMEV (a hybrid between FMCF and MESV) and
MPEYV (a hybrid between MPSV and MESV) vectors, which
can express genes in EC and ES cells. These vectors were
modified by Hawley’s group in Canada [37), and the
resulting vector was called MSCV (mouse stem cell virus).
However, these vectors will not give optimum titers in tran-
sient packaging because the U3 region of 5° LTR lacks one
of the 75-bp direct repeats in the enhancer region. In
the transient transfection, the promoter of 5' LTR drives
expression of transfected vectors, thus determining the retro-
virus titers. To increase the promoter activity in transient
transfection, we replaced the U3 region of 5 LTR of MPEV
and FMEV with that of MMLYV using the KpnlI restriction site
(Fig. 4C) and inserted the pMXs-derived extended packaging
signal and MCS before 3’ LTR. We named these vectors
pMYs and pMZs. The pMYs vector is based on MPEV, and
its 3" LTR consists of U3 of MPSV and U5 of MMLYV. The
PMZs vector is based on FMEV, and its 3’ LTR consists of
U3 of SFFV and U5 of MMLV. As expected, pMYs and
pPMZs vectors produced high-titer retroviruses in transient
transfection, and these viruses can efficiently express genes
in EC cells, most ES cells, and hemopoietic progenitor cells.

We also have developed pMCs vector that uses PCMV
LTRs for both 5" and 3’ ends like MSCV (T. Mizutani, H.
Iba, and T. Kitamura, unpublished data). The U3 region of

Figure 4. Structures of retrovirus vectors, (A} Basic structure of retrovirus
vecters and two transcripts from the vector. In the replication competent
MMLYV, the Gag-Pol and the Env proteins are translated from the genomic
RNA and the subgenomic RNA, respectively. The subgenomic RNA is a
spliced form RNA, and the splicing occurs from the splice donor site (SD)
to the splice acceptor site (SA). Both 5" and 3’ LTRs consist of U3, R, and
U3 regions. ¥ = packaging signal, Apag = truncated gag sequence. (B)
Strucrures of versatile pMXs-derived vectors. LTR = long terminal repeat;
¥ = packaging signal; MCS = multi-cloning site; IRES = internal ribo-
somal entry site; GFP = green fluorescent protein’ neo” = neomycin-resis-

- tant gene; puro” = puromycin-resistant gene. (C) Structures of pMXs,

PMYs, and pMZs vectors. The 5° LTR, primer binding site (PBS), and the
extended packaging signal of pMXs are derived from the MFG vector.
PBS used in pMY's and pMZs are derived from MESV (murine embryonic
stem cell virus) and binds tRNA-glu instead of tRNA-pro. MCS is designed
for cDNA library construction and is preceded by triple stop codons (not
shown). White box = MMLV LTR: gray box = PCMV LTR: hatched
box = MPSV LTR or SFEVp LTR. MCS = multi-cloning site.
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5" LTR has been replaced by MuLV LTR to increase the
efficiency of transient transfection, Thus, the pMCs vector
produces proviruses similar to those produced by MSCV.
However, pMCs is supposed to produce higher titers of
retroviruses because of its higher efficiency in transient
transfection and is expected to produce higher amounts of
proteins because of the presence of the splice donor and
acceptor sites in pMCs that was derived from MFG vector
and is present in pMXs, pMYs, and pMZs.

Closing remarks

In the present review, we describe the efficient retrovirus
expression system and its applications in a variety of experi-
ments. Although we mainly introduced our works, there are
almost infinite other potential applications for retrovirus-
mediated expression screening. For example, short peptide
libraries can be screened using the retrovirus expression
system [38]. The enhancer trap and poly A trap methods
also were developed using retrovirus-mediated gene transfer
[39,40]. It would be useful to perform two-hybrid screening
in mammalian cells, in which molecular interactions will be
more physiologic. In the past, insertional mutagenesis using
retrovirus vectors was performed extensively; however, it
was difficult to identify the responsive gene induced by the
retrovirus because retrovirus integration could alter tran-
scriptional activities of the genes within 20 to 30 kbp from
the integration site. Recent genome information and expres-
sion profiling using gene chips and DNA microarrays have
made it much easier to identify the responsive gene in inser-
tional mutagenesis. Recently, even in vivo mammalian ge-
netic screenings have been performed successfully using
retrovirus-mediated insertional mutagenesis in the mouse
[41,42].

Most of the human genomes have now been sequenced,
and about 30,000 genes have been identified. However, there
is still much to learn about the human genome. We believe
that retrovirus-mediated gene transfer and expression clon-
ing will continue to be important tools to understanding the
genome. As we introduced some examples in the present
review, isolation of proteins based on their functions some-
times opens up insights into cell biology. In addition to
expression cloning, retrovirus-mediated gene transfer also is
useful for investigating gene functions and can be applied
in high-throughput analysis of gene product in a variety of
cells. We sincerely hope that this review will invite more
researchers to retrovirus-based technologies.
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Hematopoietic stem cells cannot be maintained in vitro without stromal cells, even if they are provided
with growth factors, and it is likely that supportive cells in the bone marrow express membrane or
secreted proteins that maintain hematopoiesis. Here we show that mKirre, a mammalian homolog of
the gene kirre of Drosophila melanogaster, encodes a type la membrane protein that is involved in the
hematopoietic supportive capacity of OP9 mouse stromal cells. Repressing mKirre expression with a
short interfering RNA significantly reduced this supportive capacity. Our data suggest that mKirre is
cleaved by metalloproteinases and that the extracellular domain of mKirre is responsible for
supporting hematopoietic stem cells. These results contribute to our understanding of the mechanisms
by which the hematopoietic microenvironment regulates hematopoiesis.

M

In bone marrow, hematopoiesis-supporting cells form a hematopoietic  cylokines such as interleukin 3 (IL-3) and IL-6 (ref. 1), ligands of
microenvironment called a *niche’ and, by producing growth factors, receptor tyrosine kinase such as ster cell factor (SCFy* and FIt-3 lig-
adhesion molecules and matrix proteins, govern the homing. growth, and®, Notch ligands*, bone morphogenetic protein 4 (BMP4)* and sonic
survival and differentiation of hematopoietic stem cells (HSCs).  hedgehog®. But even if these known growth factors are supplied in com-
Growth factors expressed by hematopoiesis-supporting cells include  bination, HSCs cannot be maintained in vitro without stromal cells.
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TR e . Figure . Expression of SSTs. (a) Tissue distribution of SST clones. RT.PCR

. - e 3 was done with gene-specific primers and the indiczted templates. (b) Expression
of 55T clones in bone marrow, RT-PCR was done with the same primers as in a
and with ¢cDNAs generated from subdivided bone marrow cells, (c.d) RNA
hybridization of LIF—up-regulated and LIFdown-regufated $5T clones. Total RNA
was extracted from LIF-stimulated OPY cells and subjected to RNA hybridiza-

[P tion wsing the indicated probes.

"Virology Division, National Cancer Center Research Institute, 5-1-/ Tsukf, Chuoke, Tokys 104-0045, japan, 2Department of Anatomy and Neurobialogy, Wakayama Medicol
School, Kimiidero, Wakoyoma 641-8509, Japan, *Department of Molecular Cell Biglogy, Research Institute for Microbial Diseases, Osaka University, 3-1 Yarnadaoka, Suita, Osoka
565-0871, Japan, *Division of Cellular Therapy, Advanced Clinical Research Center, Institute of Medical Science, University of Tokyo, 4-6-1 Shirskanedai, Minato-ku, Tokyo 108-8619,
Japon. *Department of Oncology and Pharmacodynomics, Meiji Pharmaceutical University, 2-522-1 Noshio, Kiyose-shi, Tokyo 204-8588, Japan. *Present address: Department of
Pathology ond Developmental Biology, Stonford University School of Medicine, Stanford, CA 94305, Correspondence should be addressed to H.L, (hirveno@gan2 res.ncc.go p).

warw.nature cominatureimmunology . may 200] - vofyme 4 no § . nature imimunolagy 457

56




© 2003 Nature Publishing Group http/Awww.nature.comv/natureimmunology

e

a =T 40 7.
B - S L
B Sigral peptice g w w
IgHiike motR tom E 6 B 3 3 3
E Prin nomotogy domein 200~
® EGF-Hike metHt oy
Suahi domain f1gam
Leucine-rich domain - EEs
. Flbronactin type M moti 7 % Lo
B POZ-binding moth - B
-l .
L] A5~ e
-
TN 7 Y e 5
b hh b b b 5
[7:] 0 0n w o ur “w
e f
350 . I.DHD’E i
300 I
1}
250 §
T 2exn'f
<200 k]
i :
100 51.0110'- I I
50 E
3 £ e £ g £ 2 1.0x10" =
@ & & 2 8 Mock SS5T.3  S5T-4 L4

5578

HY [
£ ¢ Tea e d !Ff £
- o>
53 numgﬁmﬁgﬁ E‘i@:‘u o
—_— i f = H 1
Forward mnu/ o
P17 G 7an
——— el
. * i)
= Ta T Ty
Sewt

% oy
¥ k3
kS *
e *
" v .l‘..l, =ty
-; 7% % 27.6%
=l @- o g
Jory * %o *
4 + 1
.*; g Ly T P g -
cAmacTT " <om

Figure 1. The hematopoiesis-supporting ability of SST proteins. (a) Structural representation of ST | to SST7. Full-length cDNAs were isolated and functional domains

were predicted from the deduced aminc acid sequence.

{b) Expression of Flag-tagged SST genes. The indicated ¢DNAs were vansiently expressed in COSY cefls and wotal cell

fysates were subjected to immunoblot analysis with anti-Flag. {c) Stable expression of S5T genes in OPY cefls. Total cell fysates were extracted from the indicated OPY dones and
subjected 1o immuncblot analysis with anti-Flag, (d) Purification of KSL celfs from the bone marrow of CS7BLIG mice by FACS Vaneage. (e) Bulk LTC-IC analysis of S5T genes
expressed in OF9 cells. The numbers of CFU-C are indicated. Error bars indicate the s.e.m. *P < 001 versus moek ransfected cells. {f) LDA-based LTC-IC analysis The fold values

relative to mock-transfected OP9 cells are reported. Error bars indicate the s.e.m, (2) S5T-4 can sustain HSCs

that have bone marrow-reconstituting ability. Mack-transfected or

S5T-4~transfected OPY cells were analyzed by a bone marrow reconstitution assay {Methods). Peripheral blood cells from recipient mice were subjected to FACS analysis with
indicated antibodies. Experiments were done twice and the engrafied donor-derived cells in peripheral blood were 0.5% (mean of four mice) for mock-transfected QP cells and
4.2% (mean of four mice} for SST-4—transfected OP$ celis. Representative FACS analyses are shown.

Direct contact between stromal cells and HSCs is also crucial for keep-
ing HSCs in a primitive state”. These findings suggest that supportive
cells in the bone marrow express unidentified membrane molecutes that
regulate hematopoiesis.

Bone marrow stromal cell lines are histologically heterogencous®, and it
is probable that many types of cells participate in supporting hematopoiesis
in bone marrow. But some stromal cell lines, such as M2-10B4 (ref. 9),
MS-5 (ref. 10), AFT204 (ref. 11) and $17 (ref. 12), can support HSCs in
vitro, and it is expected that gene transcripts involved in supporting
hematopoiesis are expressed in these cell lines.

Here we have used OP9 mouse stromal cells to identify molecules that
can maintain HSCs in vitro. Because OP9 cells can differentiate embry-
onic stem (ES) cells into all lineages of hematopoietic cell™™, we consid-
ered that these cells must express the genes necessary for regulating
hematopoiesis, We assumed that such genes encode secreted or membrane
proteins because they have to transmit signals from supportive cells to
HSCs. Several studies have reported that leukemia inhibitory factor (LIF)
up-regulates the hematopoietic supportive capacity of stromal cefls's",
OP9 cells express both the o chain of the LIF receptor and 2pl30, and
they also express SCF, IL-3, IL-6 and IL-11 after stimulation with LIF
(data now shown). We therefore thought that we might identify genes
important for hematopoiesis by selecting for genes that show altered
expression in OP9 cells after treatment with LIF.

We analyzed genes expressed in OP9 cells and genes induced by LIF
treatment by DNA microarray. Known genes that showed high expression
on LIF treatment included those encoding growth factors such as SCF and
comnective tissue growth factor (CTGF), as well as phosphatases, tran-
scription factors and regulators of the cell cycle (data not shown). Because

458 hoture mmunology + wvolumednol .

secreted 2nd membrane proteins represent only a small proportion of the
genes that are expressed in mammals's, we selected for such proteins by a
retrovirus-based signal sequence trap (SST) method'®. We first screened for
secreted and membrane proteins in OP9 cells and then selected candidate
genes according to the tissue distribution of their expression, change of
expression on LIF activation and structures of partial protein fragments
identified by S$ST. We isclated the full-length complementary DNAs of
candidate genes and examined the hematopoiesis-supporting activity of
these genes,

We show that mKirre, which encodes a type la membrane protein, is
involved in the hematopoietic supportive capacity of stromal cells. Qur
results suggest that mKirre is cleaved by metalloproteinases and that its
secreted extracellular domain directly sustains HSCs and maintains them
in an undifferentiated state.

Results

Identification of SST ¢cDNA candidates

We constructed a ¢DNA library from OP9 cells and screened for genes
expressing proteins with a signal peptide at the N terminus, We used the
SST-REX method", in which proteins carrying signal peptides translocate
a constitutively active variant of c-Mpl lacking its extracellular domain 10
the plasma membrane, which renders Ba/F3 cells, an 1L-3-dependent pro-
B cell line, IL-3-independent,

We obtained 216 [L-3-independent Ba/F3 clones, from which we iso-
lated 205 cDNAs by genomic polymerase chain reaction (PCR: sce
Supplementary Table 1 online). Of these. 170 were known genes and 35
were unkaown genes, The unkrown genes included molecules whose
nucleotide sequence have been reported but not funetj onally analyzed. The
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known genes encoded 49 growth factors, 25 receptors, 71 adhe- a
sion and matrix proteins. and 38 other types of protein. Some of 1 EL GLOKRGECLY LGYMAXDRFR RHNEGQVYSP SQUPODQUVY

6§} SGQPVTLLCA IPEYDGFVIMW _IXDGLALGVG RDLSSYPOYL VVGNELSGEH ELKTLRAELQ

the unknown genes overlapped, which left 18 independent 121 DDAVYECQAT QARIRSAPAR LIVLVPPDDP IILGGPVISL RAGDPIELNC RADNANPAAS
: 181 IIWLREGEVI NGATYSKTLL RDGKRESIVS TLFISPGDVE NGOSIVCRAT NEAIPGGRET

clones. We .deS!gnalef:! thcst? cIone.s SS8T-1 to SST-18. 241 SVTIDIQHPP LVGEVEPQP VLEDNIVIFH CSARKANPAVT (YRWAKRGHI IRERSGELYR
We predicted partial amino acid sequences from the cDNA 301 TTVDYTYFSE PVSCEVTNAL GSTRESRTVD VYPGPRMTSE PQSLLVDLGS DAVPSCAWIG

361 NPSLTIVWMK RGSGVVLSNE RTLTLXSVRQ EDAGKYVCRA VVPRVGAGER EVTLTVNGPP

fragments and searched for known protein motifs by 421 IISSTQTQHA LAGEKGQIRC FIRSTPPPDR IAWSWEENVL ESGTSGRYTV ETVNTEEGVI
nte ttps/fwww.ebi.ac.uk/inte . lementa 431 STLTISNIVR mrﬁrh AWNSFGSDTE IIRLREQESV FMAVILGYAV GAGVAFLVLE
I rPrOSCal:l (http ebiac.ukinterpro/; Supplementary 541 ATIYACCCAR BQRHLKGVVS ARNDIRVEIV BXKEPSSGREA EDATTIKQLM KDRGEFGODS
Table 1 online). Although the full-length cDNA of SST-6 had 601 VLKQLEVLKE EEKEFQNLKD PTNGYYSVNT PKERHSTPTI SLSSCOFDLR PTGEQRVEITG

L . 661 MSFTRIYSTL SGOGRLYDYG QRFVLGMGSS SIELCEREFQ RGSLSDSSSF LDTQCDSSVS
pecn rcpc?nf:d to enc'ode }he protein jmmunog]?bulm stfperfam- 721 SSGRQDGYVG FUKASKASAS SSHRSOSSSG NSDPSRITQR RédTay
ily containing leucine-rich repeat (ISLR)®, its function was b
unclear and we therefore included it in further analyses,

S5T-4 50 F3QQPODOVVVSGOPVTLLCAL PEYDGFVLWT KDGLALGVGR DLSSYPOYLYVGNHLSGE
. KIAMLIB67 S50 FSQOPODOVVVEGOPVTLLCAL PEYDGFVLHI KDGLALGVGRDLSSYFOYLVU’GNIILSGF
Expression of $ST cDNAs Kree 97 i e
. . ST Rst
We first examined the tissue distribution of the 18 SST clones
and verified their expression in bone marrow cells by PCR with ~ $5T-4 110 B | O\ RERFARLTVLVPEDDPI 1 LGGEY LS LRAGE)

- . . XIAALB67 110 SLRAGE
reverse transcription (RT-PCR). Because OP9 is an immortal-  kirre 147 3

ized cell line®, genes that are expressed may have changed epi-  *** "

genetically; thus. it was possible that some of the cDNAs that we ~ sst-4 168
. . KIAM1BET 165
isolated were not expressed in normal bone marrow stromal Kirre 207
cells. We therefore examined expression of the SST clones i~ Rot 150
primary bone marrow stromal cells, as well as in NIH3T3 cells, ssr-a 223

: ast cell K acks ; KIAALBS? 223
a mause fibroblast cell line that tacks hematopoietic supportive Kirre 261

capacity, as a negative control, Rst 210
As expected, all SST clones were expressed in OP9 cells: SST-4 260
however, two clones were not expressed in primary stromal cells ~ KIAA1867 260 K ) RS G R T TUDY 4 ¥ FSEBVECEVT
k . Kirre 309 A YR ELKTGY S ROVHDA T r{w Al
(SST-10 and SST-15). Expression of S5T-4 was restricted 10 rat 270 R Y TN iy, RKD X

adult brain, bone marrow stromal cells and whole embryo and SST-t 319 [EPSTTETSTEEEE—————"
was not seen in NIH3T3 cells (Fig. 1a,b). These results suggest  KIAA1867 319 ALGSTHLERTVDVYFGPRETTEPOS LLVDLGS DAk}
that S5T-4 has a specified role in bone marrow stromat cells. Nirxe 8 % & ; e
We next selected the $5T clones for LIF-induced expression ssT-4 379
by RNA hybridization, We found that treatment with LIF  xraniss? 3179
resulted in up-regulation of SST-I, SST-2 and SST-5 but down- ~ Rirre e
regulation of 88T-7 in OP9 cells (Fig. 1c,d). Expression of
SST-3, SST4 and SST-6 was not affected by LIF treatment  Sorytye, 38
(data not shown). ;:zf . :‘::
From these results, we selected the seven unknown or
%) uncharacterized genes, SST- to SST-7, isolated their full- 574 434
length cDNAs and used Psortll (hutp:/psortims.u-tokyo.  Rirre  sat
ac.jp/form2.html) and InterProScan to predict the structures of ~ **° 303
the proteins encoded by these genes (Fig. 2a). Although the €
full-length murine genes of clones §ST-1, SST-2 and $§T-5  sstet 737

{ref. 21) and a human homolog of clone $5T-4 (ref. 22) had :ﬂ::aﬂ ;;:

PIISSTOTOHALHGEKGH
=

[a | KCF TRETPPEDRT AWSHKE!
y R .xgws:g;
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been reported, the functions of these genes were unknown, We  Rst 53
thercfore examined whether any of these clones was involved in
hcmalopoiesis. Figure 3. Sequence of mKirre. (a) Amino acid sequence of mKirre (clone 55T-4). The signal

peptide is boxed and the arrow indicates the predicted processing site. Shaded boxes indicate
. - . - putative N-linked glycosylation sices. Five immunaglobulin domains are underlined. The trans-
Hematopmes:s-supp9rtmg ab"'t.y of SST CDN_AS fmembrane domain is underlined twice. Broken line indicates the peptide sequence used to pro-
The cDNAs of SST-1 10 S$T-7 were transiently transfected into  duce an mKirre pelyclonal antibody. Bold letters indicate binding motifs for PDZ domains,
COS7 cells and their expression was confirmed by immunoblot (b} Comparison of the amino acid sequence spanning the five immunoglobulin domains of
analysis (Fig. 2b). We also established stable transfectants of MKirre, KIAAIBS7, Kirre and Rst. Identical amino acids are indicated by black background shad-

. ing and related amino acids by blue background shading. {¢) Conserved PDZ-binding motifs at
OP9 cells (Fig. Zc?. Because we could not estal?llsh Of"9 cells 0 cerminus of miirre, KIAA1BE7, Kirre and Rst The X(T/S)X(VIL) motfs are hightighted by
stably overexpressing SST-6 and SST-7, we did not include green background shading.

these two clones in subsequent analyses.

To examine whether the products of the SST clones could
affect the hematopoiesis-supportive capacity of bone marrow
stromal cells, we carried out a long-term culture—initiating cell (ITC-IC)  (LDA)-based LTC-IC assay {Fig. 2f) and by in vive bone marrow recon-
assay by culturing the stable SST transfectants with the ¢-kit-Sca-1, lin-  stitution analysis (Fig. 2g), in which we showed that the engraftment of
eage-negative (KSL) fraction of bone marrow cells (Fig. 2d). Of the multilineage hematopoictic cells was enhanced by overexpressing S5T4.
clones tested, SST-4 significantly up-regulated the LTCIC frequency  Taken together, these results indicate that SST<4 can enhance the ability of
(Fig, 2e, P < 0.01). We verified this result by a limiting dilution analysis  stromal eells to support HSCs and to keep them undifferentiated.
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