thereafter, CD314 cells and CD41+ cells became detectable by
day 5 and day 6, respectively, followed by the appearance of
CD34+ cells. CD45+ cells became detectable after day 6, but
remained low in number. c-Kit+ cells constituted about half of the
cells throughout EB formation regardless of whether HOXB4
expression was induced (data not shown).

Found at: doi: 10.1371/journal.pone.0004820.5006 (9.39 MB TII)

Figure 82 Diflerentiation potental of individual blast colonies.
Both hematopoietic and endothelial potentials were examined for
individual blast colonies. Blast colonies were formed by whole EB6
cells (Fig. 3A). Colonies were individually picked up from
methyleellulose and co-cultured with OP9 cells in the presence
of vascular endothelial growth factor, stem cell factor, interleukin-
3, TPO, and erythropoietin for 7 days. (A} The summary of
hematopoietic and endothelial potentials detected in individual
blast colonies. (B) Representative photomicrographs show that a
colony consisted of blood cells and CD31-positive vascular
endothelial cells.

Found at: doi:10.1371/journal. pone.0004820.5007 (6.61 MB TIT)

Figure $3 RT-PCR for 4 EBS cell populatons. PCR was
performed on ¢DNAs prepared from fractionated EBG cells.
Found at: doi:10.1371/journal.pone.0004820.5008 (3.55 MB TIF)

Figure S4 Analysis of bone marrow cells from recipient mice of
HOXB4-expressing ES-derived cells. ¢-Ki+CD4i+ EB6 cells
were co-cultured with QP9 cells while HOXB#4 was enforcedly
expressed. After co-culture with OP9 cells, GFP+ cells and rescue
cells were transplanted into lethally irradiated mice. 18 wecks after
ransplantation, bone marrow cells of the recipient mice were
stained with antibodies and analyzed on a flow cytometer. (A- E)
GFP— cells were derived from rescue cells and possibly from host
cells. (F--]) GFP+ cells were derived [rom ESCs. GFP— cells and
GYP+ cells are separately displayed for the expression of Gr-1 and
Mac-1 (A, F), B220 and CD19 (B, G), D4 and CD8 (C;, H), Sca-1
and ¢-Kit (D, 1), and CD41 and CD45 (E, J).

Found at: doi:10.1371/journal.pone.0004820.5009 {1.28 MB TIF)

Figure 85 RT-PCR analysis for induced HOXB4 expression in ¢-
Kit+CD4 I+ cells. ESCs were maintained in the presence of Dox (ES
HOXB4-off). Afier ESCs were differentiated into EB6 cells in the
presence of Dox, c-Kit+CD41+ cells were isolated (c-Kit+CD4 1+
B6 HOXB4-off). These cells were co-cultured with OP9 cells in the
presence or absence of Dox for 4 days, followed by recovery of c-
Kit+CD4 1+ cells from the co-cultures {c-KittCD41+ HOXB4-off
and c-Kit+CD4 1+ HOXB4-on). These ¢-Kit+CD41+ cells and
ESCs along with adult bone marrow cells {Total BM) as a negative
control were examined for HOXB#4 expression by RT-PCR analysis.
The PCR program consisted of 15 sec at 95°C, 15 sec at 60°C, and
30 sec at 72°C. A total of 42 cycles or 30 cycles was used for
amplification of HOXB4 or Gapdh.

Found at: doi:10.1371/journal.pone.0004820.5010 (9.28 MB TIF)

Figure $6 Tect-off inducible HOXB4/EGFP expression system.
(A) Schematic presentation of the Tet-ofl HOXB4 gene expression
cassetle integrated into the constitutive active ROSA 26 locus on
chromosome 6. HOXB4 ¢DNA was kindly provided by Dr. K.
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IL-2 is a cytokine that is essential for the expansion and survival of activated T cells. Although adoptive
transfer of tumor-specific T cells with IL-2 is one of strategies for cancer immunotherapy, it is essential to
replace IL-2 that exerts severe side effects in vivo. To solve this problem, we propose to use an antibody/
IL-2R chimera, which can transduce a growth signal in response to a cognate antigen. We constructed two
chimeras, in which ScFv of anti-fluorescein antibody was tethered to extracellular D2 domain of erythro-
poietin receptor and transmembrane/cytoplasmic domains of IL-2Rp or ¥ chain. When the chimeras were
co-expressed in IL-3-dependent pro-B cell line Ba/F3 and IL-2-dependent T cell line CTLL-2, gene-maodi-
fied cells were selectively expanded in the absence of IL-3 and IL-2, respectively, by adding fluorescein-
Growth control conjugated BSA (BSA-FL) as a cognate antigen. Growth assay revealed that the celis with the chimeras
Single chain Fv transduced a growth signal in a BSA-FL dose-dependent manner. Furthermore, STAT3, STATS, ERK1/2
T cell and Akt, which are hallmarks for 1L-2R signaling, were all activated by the chimeras in CTLL-2 transfec-
tant. We also demonstrated that the chimeras were functional in murine primary T cells. These resuits
demonstrate that the antibody/IL-2R chimeras could substantially mimic the wild-type IL-2R and could
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interleukin-2 receptor

specifically expand gene-modified T cells in the presence of the cognate antigen.

© 2009 Elsevier Ltd. All rights reserved.

1. introduction

Interleukin-2 (IL-2) is an important immunomodulatory cyto-
kine that promotes proliferation, activation and differentiation of
T cells, and is also necessary for B cell and natural killer (NK) cell
function. IL-2 binds to IL-2 receptor (1L-2R) consisting of three sub-
units, i.e. [L-2Ra, IL-2Rp and IL-2Ry chains, and induces heterotri-
merization of them, followed by signal transduction. IL-2Ra alone
or IL-2Rp alone has low affinity (K4 = 10 nM or =100 nM) to IL-2,
while IL-2Ry alone has no detectable affinity to IL-2. A high-affinity
receptor (K4 =~ 10 pM) is composed of all three chains, whereas in
the absence of [L-2Ro expression, the other two chains have inter-
mediate affinity (Kg =~ 1 nM) to IL-2 {1,2]. Naive T cells express iL-
2Ry and low levels of IL-2RB, but do not express IL-2Ra, resulting
in less sensitivity to IL-2, The expression of IL-2Ra is restricted to
activated T cells through activation of T cell antigen receptor-med-
iated signaling, and allows the cells to respond to IL-2 for prolifer-
ation. Although IL-2Ra is required for the high-affinity receptor
complex, IL-2Ra is dispensable for signaling, since ectopic expres-
sion of either c-kit/IL-2Rp‘and c-kit/IL-2Ry chimeras or GM-CSFRa/

* Corresponding author. Fax: +81 3 5841 8657.
E-mail address: kawahara®bio.t.u-tokyo.ac.jp (M. Kawahara).

1043-4666/S - see front matter © 2009 Eisevier Ltd. All rights reserved.
doi:10.1016/j.cyt0.2008.12.020

iL-2Ry and GM-CSFRB/IL-2Rp chimeras induced ligand-dependent
cell proliferation of CTLL-2 T cell line [3]. These results demon-
strated that a heterodimerization of IL-2RB and ¥ chains may be
sufficient for transducing growth signal in T cells.

Genetic modification of T cells is an effective approach to im-
prove anti-cancer immunotherapy and to study T cell functions.
Many investigators have tried to utilize T cells for cancer immuno-
therapy. One promising approach is an adoptive transfer therapy,
in which tumor-specific autologous T cells are isolated, expanded
in vitro and reinfused with IL-2 for further expansion in vivo {4-
8]. The problem is that because most tumor antigens have very
low antigenicity and their expression levels are low, rapid expan-
sion and long-lasting maintenance of a large number of tumor-spe-
cific T cells are difficult in vivo, leading to insufficient therapeutic
effect. In fact, the targets of previous reports and clinical trials have
been restricted to the tumors having high antigenicity like mela-
noma cells and viral-antigen-expressing tumors |9-11]. Therefore,
expansion of transferred T cells in vivo is critical for an efficient
immunotherapy. However, T cell expansion by administrating
high-dose IL-2 causes undesirable side effects such as vascular leak
syndrome, and cardiac and pulmonary dysfunction, because IL-2
also directly or indirectly activates several other immune cells
including NK cells, B cells, neutrophils and macrophages [12,13].
One possible clue to overcome this problem is to genetically mod-
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ify autologous T cells with an engineered 1L-2R that could respond
to non-toxic substance.

We previously developed an antigen-mediated genetically mod-
ified cell amplification (AMEGA) system using an antibody/receptor
chimera that triggers a growth signal in response to a specific anti-
gen [14-16]. An anti-fluorescein single-chain Fv (ScFv) was fused
to extracellular D2 domain of erythropoietin receptor (EpoR) and
transmembrane and-cytoplasmic domains of gp130 to create an
antibody/receptor chimera (ScFvg). When IL-3-dependent murine
pro-B cell line Ba/F3 was transduced with the antibody/receptor chi-
mera, fluorescein-conjugated BSA (BSA-FL) induced oligomerization
of ScFvg chains, enabling cell growth in the medium containing BSA-
FL but without IL-3 | 15]. In this study, we replaced the cytoplasmic
domain of ScFvg with that of IL-2Rp and y chains to construct anti-
body/IL-2R chimeras that can mimic an IL-2-mediated growth signal
with BSA-FL-mediated one {Fig. 1A). We investigated whether these
chimeras could be functional in Ba/F3 cells, an IL-2 dependent T cell
line CTLL-2 and murine primary T cells.

2. Materials and methods
2.1. Vector construction

A plasmid pBS-EB-1G [17] encoding a mouse IL-2Rp chain, a
plasmid pBS-1-SEy-IG [17] encoding a mouse IL-2Ry chain, and a

A

fluorescein

PMK-SBISY-IG [}

C FL-dimer-8: FL-GCGGCCsGsC
FL-dimer-9: FL-TGCGGCCsGsC

Anti-FL

retroviral vector pMK-ScFvg [18} encoding anti-FL ScFv clone
3113, were used as starting constructs. pBS-EB-1G was digested with
BspEl and Notl, and inserted into pMK-ScFvg digested with the same
enzymes to make pMK-SEB-IG. Ncol-digested pMX-ScFvgIGFP [ 15]
was inserted into Ncol-digested pBS-ILgIGFP [19], resulting in pBS-
1-Sg-1G. BspEl-Notl-digested pBS-I-LEy-1G was subcloned into pBS-
1-Sg-IG digested with the same enzymes to create pBS-I-SEy-IG.
Then pBS-1-SEy-1G was digested with Avrll and inserted into Avril-
digested pMK-SEB-IG, resulting in pMK-SpISy-1G.

pGCDNsam-based retroviral expression vectors were con-
structed for producing retrovirus pseudotyped with a vesicular sto-
matitis virus G protein (VSV-G) 40,41 |. pMK-SEB-IG and pMK-SEy-
IG were digested with BspEl and BamHI and inserted into pGCDN-
sam-SEmpl-1G and pGCDNsam-SEmpl-IK (manuscript in prepara-
tion) digested with the same enzymes resulting in pGCDNsam-
SB-IG and pGCDNsam-Sy-IK, respectively. In pGCDNsam-SB-iG
and pGCDNsam-Sy-1K, the genes encoding chimeric SB chain and
Sy chain were individually inserted into upstream of IRES-EGFP
and IRES-Kusabira Orange (KO) [42], respectively (Fig. 7A).

2.2. Ligand preparation
Bovine serum albumin-fluorescein isothiocyanate conjugate

(BSA-FL) was purchased from Sigma (St. Louis, MO). Fluorescein
dimer was prepared as described previously | 15]. The sequences of

FL-dimer-10: FL-GGCGGCCGsCsC Q—T
FL-dimer-11: FL-TGGCGGCCGsCsC
FL-dimer-12: FL-GGGCGGCCGCsCsC
FL-dimer-13; FL-TGGGCGGCCGCsCsC
FL-dimer-14: FL-GGGGCGGCCGCCsCsC

Fig. 1. The constructs of chimeric receptor and FL-dimers. (A) The schematic illustration of wild-type and chimeric IL-2R. (B) The construction of chimeric IL-2R vector. A
retroviral vector with long terminal repeats (LTRs) and a packaging signal (V') was used. An immunoglobulin heavy chain secretion signal sequence (S)is placed upstream of
the chimeric receptor genes for cell surface expression. {C) The constructs of FL-dimers. Several lengths of fluorescein-canjugated palindromic DNAs (8-14 mer) were self-
annealed to make FL-dimers. The illustration of FL-dimer-13 is shown as a representative.
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the palindromic DNA linkers were as follows: 8 mer, FL-GCGG
CCsGsC; 9 mer, FL-TGCGGCCsGsC; 10 mer, FL-GGCGGCCGsCsC; 11
mer, FL-TGGCGGCCGsCsC; 12 mer, FL-GGGCGGCCGCsCsC; 13 mer,
FL-TGGGCGGCCGCsCsC: 14 mer, FL-GGGGCGGCCGCCsCsC, The 3'-
terminal two bases in each FL-labeled DNA were made with s-oligo
to prevent degradation by exonucleases. These FL-labeled s-oligo
DNAs were purchased from Proligo (La jolla, CA).

2.3. Cell culture

A murine IL-3-dependent pro-B cell line, BaJF3 [20] was cul-
tured in RPMI 1640 medium (Nissui Pharmaceutical, Tokyo, Japan)
supplemented with 10% FBS (Biowest, Paris, France) and 1 ng/ml
murine IL-3 (R&D systems, Cambridge, MA). A murine IL-2-depen-
dent T cell line, CTLL-2 [21] was cuitured in RPMI 1640 medium
supplemented with 10% FBS, 2 ng/m! murine IL-2 (R&D systems),
1mM sodium pyruvate, 50 uM monothioglycerol and 20 nM
bathocuproine disulfonate (Sigma) [22]. We used three retroviral
packaging cell lines, Plat-E [23] was cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Nissui Pharmaceutical) supple-
mented with 10% FBS, 1 pg/ml puromycin (Sigma) and 10 ugjml
blasticidin (Kaken Pharmaceutical, Tokyo, Japan). 293GP was cul-
tured in DMEM with 10% FBS. 293GPG was cultured in DMEM with
10% FBS, 2 pg/ml puromycin, 300 pug/ml G418 (Calbiochem,
Darmstadt, Germany) and 1 pg/ml tetracycline (Sigma).

2.4. Vector transduction/transfection of Ba/F3 and CTLL-2

Ba/F3 cells were retrovirally transduced, as previously de-
scribed [ 15]. In brief, Plat-E cells were transfected with the retrovi-
ral vector pMK-SBISy-IG by lipofection and the culture medium
was used as a viral supernatant. Ba/F3 cells were transduced with
the viral supernatant in the presence of 10 pg/ml polybrene (Sig-
ma) and 2 ng/ml IL-3 in a 24-well plate, and the transduced cells
were designated as Ba/SBSy. CTLL-2 cells were transfected with
Sspl-digested linear pMK-SBISy-IG plasmid (20 pg) and pMXs-
neo plasmid (1 pg) by electroporation in the presence of 100 uM

spermine (Sigma). The celis (3 x 10° in 500 u! of RPMI medium)

mixed with the vectors were transferred to a 4 mm-gap cuvette,
and electroporation was performed at 300V and 1000 pyF using
an Electroporator 1f (Invitrogen, Groningen, The Netherlands). Sub-
sequently, transfected cells were inoculated into a 100 mm diame-
ter dish and cultured in a 5% CO; incubator at 37 °C. Transfected
cells were designated as CT/SpSy.

2.5. Retroviral transduction of murine primary T cells

A retroviral packaging cell line, 293GP was co-transfected with
pGCDNsam expression vector and pcDNA3.1-VSV-G vector encod-
ing VSV-G envelope gene by lipofection for a transient production
of VSV-G pseudotyped retroviruses. Culture medium of transfected
293GP was collected and subsequently used for transduction of
293GPG that had been engineered to express the VSV-G protein
under control of a tetracycline-inducible system [40]. 293GPG cells
transduced with pGCDNsam-SB-IG or pGCDNsam-Sy-IK stably pro-
duced retroviruses encoding the respective genes. The culture
supernatant of transduced 293GPG was collected and centrifuged
at 6000g for 16 h at 4 °C, followed by resuspension of viral pellet
in StemPro-34 SFM (Invitrogen) to obtain 100-fold concentrated
virus.

To isolate mouse primary T cells, splenocytes were harvested
from 10 weeks old male C57BL/6 mice (Japan SLC, Shizuoka, Japan)
and labeled with anti-CD90.2 microbeads (Miltenyi, Auburn, CA),
followed by magnetic cell sorting. 1solated CD90.2 positive T cells
were subsequently inoculated into a 24-well plate (2 x 10° cells/
well) in RPM11640 medium supplemented with 10% FBS, 5 uM 2-

mercaptoethanol, 10ng/ml [L-2, and 20pul Dynabeads mouse
CD3/CD28 T cell expander (Invitrogen). The T cells cultured for
24 h were then seeded into a 24-well plate coated with retronectin
(Takara, Shiga, Japan) with 15 ul each of SB-IG and Sy-IK viral
supernatants (1-2 x 10°® transducing units/ml for jurkat cells),
and incubated for 24 h in RPMI1640 with 2% FBS and 10 ng/ml
IL-2. The cells were also co-transduced with two mock vectors
encoding IG alone and IK alone as a negative control. After another
24 h culture in RPMI1640 with 10% FBS and 10 ng/ml IL-2, trans-
duction efficiency of the cells were analyzed by flow cytometry.

2.6. Selection of the transfectants/transductants and cell proliferation
assay

For selection of the Ba/SBSy and CT/SBSy. the cells were washed
with PBS and inoculated into 24-well plates. Ba/SBSy was selected
in the medium containing either no factor, 5 pg/ml BSA-FL, or 1 ng/
ml IL-3. CT/SBSy was initially selected in the medium containing
2 ng/mi IL-2 and 800 pg/ml G418, followed by selection in the
medium with 5 pug/ml BSA-FL. For cell proliferation assay, the se-
lected cells were washed with PBS and were seeded into 24-well
plates at 107 or 5 x 10% cells/ml with indicated concentrations of
each ligand. The viable cell numbers were counted by a hemocy-
tometer and trypan blue exclusion assay.

Murine primary T cells transduced with mock vectors (IG and
1K), SB-1G alone, Sy-IK alone and both Sp-IG and Sy-IK were sorted
using MoFlo fluorescence-activated cell sorter (Dako, Glostrup,
Denmark) and cultured with 10 ng/m! IL-2 for two days. The cells
were washed twice with PBS containing 2% FBS to remove IL-2,
and subsequently inoculated into a 48-well plate at
1.5 x 10° cells/well with no ligand, 5 ug/ml BSA-FL, or 10 ng/ml
IL-2 and cultured for three days. Viable cells were determined as
propidium iodide (Pl)-negative cells and their numbers were
counted by flow cytometric analysis using Flow-Count (Beckman
Coulter, Fullerton, CA).

2.7. Western blotting

The cells (108 cells) were washed with PBS, lysed with 100 ul of
lysis buffer {20 mM Hepes, 150 mM NaCl, 10% glycerol, 1% Triton
X-100, 1.5 mM MgCl,, 1 mM EGTA, 10 pg/ml aprotinin, 10 pg/ml
leupeptin, pH 7.5) and incubated on ice for 10 min. After centrifu-
gation at 16,000g for 10 min, the supernatant was mixed with Lae-
mmli’s sample buffer and boiled. The lysate was resolved by SDS-
PAGE and transferred to a nitrocellulose membrane (Millipore,
Bedford, MA). After the membrane was blocked with 5% skimmed
milk or 1% BSA, the blot was probed with appropriate dilutions of
primary and secondary antibodies, and detection was performed
using Chemi-Lumi One (Nacalai tesque, Kyoto, Japan). The primary
rabbit antibodies anti-human IL-2RB, anti-human IL-2Ry, anti-
mouse STAT3, anti-mouse STATS and anti-mouse ERK1/2 were
from Santa Cruz Biotechnology (Santa Cruz, CA), anti-phospho-
ERK1/2 was from Promega (Madison, WI), anti-phospho-STAT3,
anti-phospho-STATS5, anti-Akt and anti-phospho-Akt were from
Cell Signaling Technology (Danvers, MA). HRP-conjugated anti-
rabbit 1gG was from Biosource (Camarillo, CA).

2.8. Flow cytometric analysis

Ba/SpSy and CT/SBSy were washed once with PBS and resus-
pended with RPMI 1640, whereas primary T cell-transductants were
washed twice with PBS containing 2% FBS and resuspended with PBS
containing 2% FBS. Fluorescence intensities of EGFP, KO and Pl were
measured using a FACSCalibur flow cytometer (Becton Dickinson,
Lexington, KY) at 488 nm excitation and fluorescence detection at
530+ 15nm, 585+ 21 nm and >650 nm, respectively. Cell sorting
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of transduced primary T cells was performed by MoFlo flow cytom-
eter using fluorescence intensities of EGFP and KO as indicators.

2.9. Starvation and stimulation of cells

Cells were washed twice with PBS and starved in the depletion
medium (RPMI 1640, 10% FBS) for 12 h. Cells (5 x 10°-1 x 107)
were stimulated with 2 ml medium containing various ligands at
37 °C. Ba/F3 and its transductants were stimulated with 1 ng/ml
IL-3, 5 ug/ml BSA-FL or 0.5 uM FL-dimer (13 mer), and CTLL-2
and its transfectants were stimulated with 2 ng/ml 1L-2, 5 pg/ml
BSA-FL or 0.5 uM FL-dimer (13 mer). After 10- or 15-min incuba-
tion, the cells were added with 2 ml of 2 mM ice-cold NasV0O, in
PBS, pelleted and lysed with 100 /108 cells of lysis buffer to pre-
pare lysates for Western blot analysis.

3. Results
3.1. Selective expansion of genetically modified cells by BSA-FL

We designed an antibody/IL-2R chimera (SpSy) that can selec-
tively transduce an IL-2-mediated growth signal in genetically
modified cells (Fig. 1A and B). The SSy chimera can recognize a
pair of fluorescein molecules as a cognate ligand. Besides Sp and
Sy genes, EGFP gene was inserted in pMK-SBISy-IG vector to facil-
itate identification of gene-modified cells. Previous reports de-
scribed that heterologous expression of chimeric IL-2Rs in an IL-
3-dependent murine pro-B cell line Ba/F3 and in an IL-2-dependent
murine T cell line CTLL-2 was sufficient for their proliferation in re-
sponse to cognate ligands {3]. Thus, we performed functional anal-
ysis of SpSy chimera by using Ba/F3 and CTLL-2 cells.

BajF3 cells were retrovirally transduced with pMK-SBISy-IG,
whereas CTLL-2 cells, which were hardly transducible by retrovi-
rus (data not shown), were transfected with the same vector by
using electroporation, For selection of the transductant/transfec-
tant, we used BSA-FL as a ligand, because muitiple fluorescein
molecules in BSA-FL would facilitate oligomerization of the chi-
mera. Ba/F3 transductant was selected in the media with 5 pg/
mi BSA-FL or 1ng/ml IL-3 for 26 or 31 days, respectively, fol-
lowed by flow cytometric analysis to examine EGFP-positive cell
ratios. The EGFP-positive cell ratio of BSA-FL-selected cells was al-
most 100%, while those of IL-3-selected cells were similar to
those before selection (Fig. 2A). As for CTLL-2 transfectant,
although we first attempted selection directly in the media with
BSA-FL, all the cells underwent apoptotic cell death. As it might
be partly due to very low frequency of transfected cells (about
0.05%) before selection, CTLL-2 cells were co-transfected with
G418-resistant gene as well as pMK-SBISy-IG, followed by selec-
tion with 800 ug/ml G418 in the presence of IL-2 in order to in-
crease the population of transfected celis. Consequently, alimost
all of the cells were EGFP-positive after 18-day culture with
G418 (Fig: 2B). When these cells were subsequently cultured in
the medium with 5 ng/ml BSA-FL in the absence of IL-2 and
G418, they successfully grew in response to BSA-FL and selected
cells were all EGFP-positive after 29-day culture (Fig. 2B). Resul-
tant selected Ba/F3 and CTLL-2 cells were designated as Ba/SBSy
and CT/SpSy, respectively.

To investigate whether cell proliferation during BSA-FL selec-
tion was induced by the expressed chimeric IL-2Rs, the amounts
of expressed chimeric receptors were compared by Western blot-
ting. BSA-FL-selected transfectants/transductants exclusively
showed distinct bands of Sp and Sy migrated around 72 kDa and
52 kDa, respectively (Fig. 3A and B). These results indicate that
only the cells expressing the SBSy chimera can grow in response
to BSA-FL, leading to successful mimicry of an IL-2 signal in Ba/
F3 and CTLL-2 cells.

3.2. BSA-FL dose-dependent cell growth of the transfectants/
transductants

We next performed cell proliferation assay to evaluate whether
the growth of selected cells is promoted in a BSA-FL dose-depen-
dent manner. When Ba/SpSy and CT/SpSy were cultured in the
media containing various concentrations of BSA-FL, both cells
showed BSA-FL dose-dependent cell proliferation (Fig. 4). The low-
er limits for BSA-FL-dependent cell growth were between 0.1 and
1 pg/ml for both Ba/SBSy and CT/SESy, and BSA-FL concentration
below 0.1 pgfmi did not induce any cell growth during the culture
period tested. Therefore, SBSy chimera could promote proliferation
of genetically modified cells in a BSA-FL-dependent manner with-
out any apparent background cell growth.

3.3. Cell growth control using dimerized fluorescein

Since BSA-FL contains an immunogenic carrier protein BSA and
the distances between the fluorescein molecules are unclear, we
previously designed a series of dimerized fluorescein (FL-dimers)
tethered with a palindromic oligo-DNA linker [15]. The lengths
and sequences of the oligo-DNA linkers for FL-dimers are shown
in Fig. 1C. First we cultured Ba/SBSy and CT/SfSy cells with various
lengths of FL-dimers ranging from FL-dimer-8 (27.2 A) to FL-di-
mer-14 (47.6 A). Ba/SBSy cells were cultured with 1 uM of each
FL-dimer for 3 days, while CT/SBSy cells were cultured with
0.5 uM of each FL-dimer for 4 days, followed by counting the viable
cell number. Consequently, the optimal length of FL-dimer was FL-
dimer-12 or FL-dimer-13 for Ba/SgSy cells and FL-dimer-13 for CT/
SRSy cells. Interestingly, both cells could hardly grow in the pres-
ence of FL-dimers-8, -9, -10 and -14 (Fig. 5A and B). Compared with
our previous report of a gp130 chimera, the growth activity via the
SBSy chimera is highly dependent on the length of FL-dimer,
whereas the optimal linker length was similar [15]. To investigate
FL-dimer dose-dependency for cell growth, Ba/SBSy and CT/SBSy
were cultured with various concentrations of FL-dimer-13. Both
Ba/SBSy and CT/SBSy cells showed maximum cell proliferation at
0.5 uM, and there was no apparent difference between these two
cell lines (Fig. 5C and D). The optimal concentration of the FL-dimer
is consistent with the previous report of the gp130 chimera as well
as growth-inhibitory effect observed at higher concentrations.
These results suggest that the SpSy chimera can be properly dimer-
ized and activated by FL-dimer.

3.4. Activation of signaling molecules via chimeric IL-2R in response to
fluorescein

Heterodimerization of IL-2RB/IL-2Ry subunits triggers down-
stream signaling events that involve the phosphorylation of vari-
ous cellular proteins, IL-2 signaling activates Jak/STAT, Ras/MAPK
and PI3K/Akt pathways through cellular protein kinases [24,25].
Activated Jak1 and Jak3 are able to phosphorylate signal transducer
and activator of transcription (STAT) 1, STAT3 and STATS5 mole-
cules. Phosphorylation of STAT molecules induces their dimeriza-
tion, resulting in their translocation to the nucleus, where they
regulate gene transcriptions. IL-2 signaling also induces tyrosine
phosphorylation of IL-2Rp, resulting in the recruitment of Shc
and Grb2, followed by the activation of Ras/MAPK pathway. Syk,
which is an upstream regulator of PI3K/Akt pathway, is directly
associated with IL-2Rp and is also activated by IL-2 signaling,
resulting in activation of Akt [26]. To examine whether the chime-
ric IL-2Rs could mimic IL-2 signaling or not, phosphorylation status
of STAT3, STATS, ERK1/2 and Akt was examined by Western blot-
ting (Eig. 6).

When CT/SBSy was stimulated with BSA-FL or FL-dimer-13, all
signal transducers tested were phosphorylated like that stimulated
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Fig. 2. Selective expansion of EGFP-positive cells with the 5SSy chimera. (A) Ba/SPSy cells after selection with IL-3 or BSA-FL were analyzed by flow cytometry. (B) CT/
SpSy cells were selected with G418, and subsequently with BSA-FL. Cell number was plotted against log green fluorescence intensity. EGFP-negative and EGFP-positive
regions were determined by taking parental BafF3 (A) or CTLL-2 cells {B) as a negative control. The days from gene transfer and the EGFP-positive cell ratios are
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Fig. 3. Western blot analysis to confirm the expression of 5§ and Sy chimeras in
BSA-FL-selected transfectants/transductants, The expressions of chimeric IL-2RB (A)
and {L-2Ry (B) were detected with anti-IL-2RB and anti-IL-2Ry antibodies,
respectively. The expression of B-tubulin (C) was detected with anti-f tubulin
antibody as a loading control.

with IL-2 (Fig. 6B), while only STATS and ERK1/2 were phosphory-
lated in BSA-FL- and FL-dimer-13-stimulated Ba/SBSy (Fig. GA).
Based on the results of growth assay showing that Ba/SASy could
proliferate in an antigen-dose-dependent manner (Fig. 4A and
5C), activations of STAT5 and ERK1/2 are likely to be sufficient
for the growth of BafF3 transductant. Meanwhile, considering
about the cell growth control, both Ba/SBSy and CT/SfSy showed
strictly antigen-dose-dependent growth without any background
cell growth, although STAT5 and ERK1/2 were slightly phosphory-
lated and Akt was constitutively activated in nonstimulated CT/
SBSy. The hyperactivations of these molecules may contribute to
the subtle growth of CT/SBSy cultured with 0.1 ng/ml BSA-FL or
0.01 uM FL-dimer-13, which was not observed in Ba/SBSy (Fig. 4
and 5C and D). However, these hyperactivations were not strong
enough for CT/SPSY to grow without any ligand. Therefore, the
SBSy chimera can successfully control the proliferation of Ba/F3
and CTLL-2 through transducing an IL-2-like growth signal in re-
sponse to the specific antigen,
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3.5, Chimeric IL-2R is functional in murine primary T cells

Murine primary T cells were transduced with chimeric IL-2Rs to
confirm whether the chimeras are also functional in controlling a
growth of primary T cells. To obtain high titers of retroviruses
capable of transducing primary T cells with high efficiency, VSV-
G pseudotyped retroviruses were prepared [40]. Retroviral packag-
ing cell line, 293GPG was transduced with pGCDNsam-53-1G or
pGCDNsam-Sy-1K (Fig. 7A), resulting in stable virus-producing cell
lines named GPG/SB-IG or GPG/Sy-IK. SB-IG encodes chimeric SB
chain and EGFP genes, whereas Sy-IK encodes chimeric Sy chain
and Kusabira Orange (KO) genes. The supernatants of GPG/SB-IG
and GPG/Sy-IK were 100-fold concentrated by centrifugation and
used for co-transduction of murine primary T cells. The T cells
expressing the chimeric SB chain and the chimeric Sy chain are
able to be distinguished by EGFP and KO fluorescence, respectively.
Murine T cells were also co-transduced with mock vectors encod-
ing IG and IK genes as a negative control.

Three days after transduction, EGFP and KO double positive
{mock), SB-IG single positive (SB), Sy-IK single positive (Sy) and
Sp-1G and Sy-IK double positive T cells (SpSy) were sorted using fluo-
rescence-activated cell sorter. The isolated T cells were cultured in
the medium with no ligand, 5 pg/ml BSA-FL, or 10 ng/ml IL-2 for
three days, followed by measuring viable cell numbers using flow
cytometry (Fig. 7B). In SgSy-transduced T cells, viable cell number
was about 9-fold increased by addition of BSA-FL as compared to
the cells cultured with no ligand. In Sp-transduced T cells, viable cell
number in the presence of BSA-FL was about 3-fold greater than that
with no ligand. These data indicate that the SpSy chimera is presum-
ably functional in primary T cells, and that the SB chimera alone
might transduce a subtle anti-apoptotic signal.

4. Discussion

In this study, we constructed an antibody/IL-2R. chimera
named SBSy, which can recognize fluorescein and transduce a

growth signal independent of IL-2. Several studies using trans-
genic mice constitutively expressing IL-2Ra andjor IL-2Rp, or
IL-4R/IL-2Rp chimera demonstrated that CD8" T cells from these
mice showed IL-2- or IL-4-responsive proliferation {27-29]. Thus,
exogenous expression of IL-2R or IL-2R chimera on T cells would
be capable of inducing T cells to grow through IL-2 signaling. In
our previous studies, we established an antigen-mediated genet-
ically modified cell amplification (AMEGA) system employing an
antibody/receptor chimera that triggers a growth signal in re-
sponse to a cognate antigen, HEL {14] or fluorescein [15]. Based
on this AMEGA concept, ScFV/IL-2RB plus ScFv/IL-2Ry (SBSy)
were constructed to selectively expand genetically modified T
cells, since heterodimerization of the cytoplasmic domains of
IL-2RB and vy chains are sufficient for IL-2R signal transduction
[30]. When introduced into Ba/F3 and CTLL-2 cells, the SBSy chi-
mera induced selective expansion of genetically modified cells in
the presence of BSA-FL. Furthermore, the proliferation of BafF3
and CTLL-2 that were transfected with SBSy gene was success-
fully controlled simply by addition of BSA-FL or FL-dimer as a
cognate ligand. ’

According to the results from the cell proliferation assay, both
Ba/SBSy and CT/SBSy demonstrated strictly ligand dose-dependent
cell growth. Therefore, the SBSy chimera could be useful to regu-
late genetically modified T cell growth in vitro and in vivo. Con-
cerning the in vivo application of the chimera, the target cells are
favorable to be expanded by a dimeric fluorescein molecule that
is expected to have low immunogenicity. We used a series of
dimerized fluorescein (FL-dimers) tethered with a palindromic oli-
go-DNA linker, To our surprise, both Ba/SBSy and CT/SiSy could
hardly grow in the presence of FL-dimer-8, -9, -10 and -14. Inter-
estingly, FL-dimer-13 greatly promoted the cell growth while FL-
dimer-14 did not, though the lengths of their linkers are almost
equal when they are annealed. As the linker of FL-dimer-13
includes a thymine residue at its 5" end that makes it incomplete
palindrome, this linker may have more flexibility than that of FL-
dimer-14. Thus, the differential flexibility between FL-dimer-13
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and -14 might contribute to the difference of their cell growth-pro-
moting function, while the length of FL-dimer-8, -9 and -10 might
be too short to activate the SBSy chimera. The optimal FL-dimer for
the signal transduction via the SBSy chimera was FL-dimer-12 or -
13 for Ba/SpSy and FL-dimer-13 for CT/SSy. These FL-dimers were
similar to the optimal FL-dimer to activate a ScFv-gp130 chimera
[15]. However, the growth activity via the SBSy chimera is highly
dependent on the length of FL-dimer, around 40-45 A, in contrast
to that via the ScFv-gp130 chimera, which stimulated cell growth
with all lengths of FL-dimers. The optimal concentration of FL-di-
mer-13 for the SBSy chimera was around 0.5 uM, which is also
similar to that for ScFv-gp130 chimera. The inhibitory effect of cell
growth at higher concentration of FL-dimer might be due to the
preferred formation of 1:1 FL-dimer-receptor complex suppress-
ing receptor dimerization.

Although the cell growth assay showed that both Ba/SBSy and
CT/SBSy proliferated with similar ligand dose-dependency, immu-
noblot analyses indicate that the phosphorylation states of the sig-
nal transducers were greatly different between these two cell lines.
STATS and ERK were phosphorylated in both Ba/SpSy and CT/SBSy
when they were stimulated by BSA-FL or by FL-dimer-13, whereas

STAT3 and Akt were not phosphorylated in Ba/SBSy stimulated by
the same ligands, Despite the lack of activation of STAT3 and Akt,
Ba/SBSy was able to proliferate in the presence of the ligands.
These data of Ba/SBSy are consistent with the earlier report that
used Ba/F3 cells expressing randomly mutated STATS {31]. The re-
port showed that the cells expressing an active form of STAT5
could grow without IL-3. Because activation of STATS may be suf-
ficient for a chimeric I1L-2R-mediated cell proliferation of Ba/SASy,
the cells which were incapable of activating STAT3 and Akt could
be selected by BSA-FL stimulation unlike CTLL-2 transfectant. The
major difference between CTLL-2 and Ba/F3 cells is that CTLL-2
cells express wild-type IL-2Ro, whereas Ba/F3 cells do not. It has
been reported that the interaction of the cytoplasmic domain of
IL-2Rp with that of IL-2Ra leads to conformational changes of IL-
2Rp [32,33]. Therefore, the existence of IL-2Ra might be a determi-
nant for the difference of the activation state of STAT3 and Akt be-
tween Ba/SPSy and CT/SBSy. Nevertheless, as the S§Sy chimera
successfully mimics wild-type IL-2R signaling in response to BSA-
FL or FL-dimer in CT/SBSy, we demonstrated for the first time that
genetically modified T cells could be selectively expanded by a
small hapten molecule.
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The chimera was also functional in murine primary T cells. The
SpSy-transduced T cells showed the increased cell viability by addi-
tion of BSA-FL, indicating that the chimera has an anti-apoptotic
activity in response to BSA-FL. Although BSA-FL addition increased
viable cell number in SBSy-transduced T cells, apparent cell growth
was not observed. It may be because culture period was too short for
the cells to grow via signals from the chimera instead of IL-2 signal-
ing, since even cultured cell lines, Ba/SBSy and CT/SBSy cells, also did
not proliferate in first several days of selection. To confirm this
hypothesis, it is required to prolong the culture period. Interestingly,
Sp-transduced T cells also showed slight increase of viable cell num-
berby the addition of BSA-FL. As Sp-transduced T cells do not express
Sy chains associated with Jak3, S chains might form homodimers or
homooligomers to transduce Jak3-independent anti-apoptetic sig-
nals in primary T cells 3]

These data suggest that the SpSy chimera could be utilized for
the expansion of genetically modified T cells. The genetic modifica-
tion of T cells is a promising approach to improve anti-cancer ther-
apeutic effect as well as to investigate T cell function. For adoptive
transfer immunotherapy using genetically modified T cells, ex vivo
and in vivo T cell expansion and selection procedures are required.
The selection of genetically modified T cells using cytotoxic drugs,
however, causes significant cell loss and often provokes survival of
undesired cells in which the transgene is not stably integrated {34].
Our system could resolve this problem, because our chimeric IL-
2Rs can select genetically modified T cells by promoting their cell
growth, and non-transduced cells would not survive in long-term
culture without IL-2. Considering about in vivo expansion of T cells,
administration of high-dose IL-2 has been the only way to expand
T cells in clinical trials, However, high-dose IL-2 not only causes
undesirable side effects like an inflammation, but also activates
regulatory T cells that function as negative regulators of immune
responses, leading to apoptosis of the effector T cells [35-37]. In
this study, we succeeded in controlling cell growth in vitro using
a fluorescein-specific ScFv-based chimeric IL-2R. Unlike IL-2, our
system has a potential for in vivo selection without toxicity, be-
cause the SPSy chimera enables only gene-modified T cells to pro-
liferate in response to fluorescein derivatives, which are based on a
small hapten, fluorescein, having no immunogenicity. Moreover, as
there are a countless number of antigen-antibody pairs, ScFv-
based chimera has the advantage that various antigens could be
used for regulating cell growth as a cognate ligand. The system also
has a potential for the regulation of natural immune system. It is
known that NK cells, which can attack non-MHC-expressing tumor
cells, are also activated by IL-2 [38,39]. Therefore, our chimeric IL-
2R may be useful to control proliferation of both T cells and NK
cells for an effective anti-tumor immunotherapy.
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Abstract Microarray analysis has made it feasible to
carry out extensive gene expression profiling in a single
assay. Various hematopoietic stem cell (HSC) populations
have been subjected to microarray analyses and their pro-
files of gene expression have been reported. However, this
approach is not suitable to identify novel transcripts or for
profiling of genes with low expression levels. To obtain a
detailed gene expression profile of CD34 7 ¢-Kit" Sca-
1*lineage marker-negative (Lin™) (CD34~KSL) HSCs, we
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constructed a CD347KSL cDNA library, performed high-
throughput sequencing, and compared the generated profile
with that of another HSC fraction, side population (SP)
Lin™ (SP Lin™) cells. Sequencing of the 5'-termini of about
9,500 cDNAs from each HSC library identified 1,424 and
2,078 different genes from the CD34 KSL and SP Lin™
libraries, respectively. To exclude ubiquitously expressed
genes including housekeeping genes, digital subtraction
was successfully performed against EST databases of other
organs, leaving 25 HSC-specific genes including five novel
genes. Among 4,450 transcripts from the CD347KSL cDNA
library that showed no homology to the presumable protein-
coding genes, 29 were identified as strong candidates for
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mRNA-like non-coding RNAs by in silico analyses. Our
cyclopedic approaches may contribute to understanding of
novel molecular aspects of HSC function.

Keywords Hematopoietic stem cells -
High-throughput sequencing - Non-coding RNA

1 Introduction

Hematopoietic stem cells (HSCs) have the capacity to self-
renew as well as the ability to differentiate into all adult
hematopoietic lineages and to maintain hematopoiesis
throughout the lifetime of the animal. With recent advances
in cell separation systems, we now have access to highly
purified HSCs. We have previously reported that in adult
mouse bone marrow (BM), CD34"°%~¢c-Kit*Sca-1Tlineage
markers-negative (Lin™) (CD347KSL) cells represent
HSCs with long-term marrow repopulating ability [}].
‘Side population’ (SP) cell sorting also was applied to
identify HSCs [2]. SP cells are detected by their ability to
efflux Hoechst 33342 dye through an adenosine triphos-
phate-binding cassette membrane transporter [3]. Both
fractions, CD34"KSL and SP Lin™, in mouse BM are
highly enriched for long-term BM repopulating cells. The
very low numbers of such repopulating cells, however,
have hampered studies of HSCs, leaving the molecular
nature of HSCs unknown. Recent technological innovation
is overcoming this disadvantage. Microarray analyses in
particular have made it feasible to carry out extensive gene
expression profiling in a single assay. However, this
approach is not suitable to identify novel transcripts or for
profiling of genes with low expression levels. Various
hematopoietic stem/progenitor cell fractions have been
characterized by microarray analyses and ¢cDNA subtrac-
tion, including mouse SP ¢-Kit* Sca-1"Lin™, Thyl‘l"’
c-Kit*Sca-1"Lin~, e-Kit*Sca-1"Lin"Rho', and fetal liver
c-Kit"Sca-1MLin"AA4.17 [4-13]. Lists of HSC-specific
genes are now available from several online databases such
as Stem Cell Database (SCDb; http://stemcell.princeton,
edu/) [12]. However, the gene expression profiles of
CD347KSL celis have never been directly compared with
those of other HSC populations.

In this study, we constructed cDNA libraries from
CD347KSL and SP Lin~ cells by using long-distance PCR
amplification of full-length ¢cDNA, and performed high-
throughput sequencing of the cDNAs yielded. Using digital
subtraction against ESTs from other organ databases, we
detected 25 novel genes. Furthermore, we identified 29
candidates for mRNA-like non-coding RNAs by in silico
analysis. Our cyclopedic approach provides information
valuable in understanding molecular aspects of HSC
regulation.

A

2 Materials and methods
2.1 Mice

C57BL/6 (B6-Cre) mice were purchased from SLC Japan,
Inc. (Hamamatsu. Japan).

2.2 Isolation of HSCs

Mouse CD347KSL and SP Lin~ cells were purified from
BM cells of 2-month-old mice. Low-density cells were
isolated on Lymphoprep (1.086 g/ml; Nycomed, Oslo,
Norway), and were stained with an antibody cocktail
consisting of biotinylated anti-Gr-1, -Mac-1, -B220, -CD4,
-CD8, and -Ter-119 mAbs (PharMingen, San Diego, CA,
USA). Lineage-positive cells were depleted by passage
over a MACS separation column with goat anti-rat
IgG microbeads (Miltenyi Biotec, Bergisch Giadbach,
Germany). The cells were further stained with fluorescein
isothiocyanate (FITC)-conjugated anti-CD34, phycoery-
thrin (PE)-conjugated anti-Sca-1, and allophycocyanin
(APC)-conjugated anti-c-Kit antibodies (PharMingen).
Biotinylated antibodies were detected with streptavidin-
APC-Cy7 (Molecular Probes, Eugene, OR, USA). SP Lin™
cells were stained with Hoechst 33342 after depleting
lineage-positive cells. HSCs were isolated by fluorescence-
activated cell sorting (FACS) using a MoFlo flow cyto-
meter (DAKO Cytomation, Fort Collins, CO, USA).

2.3 Construction of HSC ¢DNA libraries

Total RNA was isolated from 6,000 CD34 KSL and
10,000 SP Lin~ cells using ISOGEN-LS solution (Nippon
Gene, Tokyo, Japan). Total RNA was subjected to full-
length cDNA synthesis using a SMART™ PCR cDNA
synthesis kit (Clontech, Palo Alto, CA, USA), which is
based on SMART cDNA technology and ¢cDNA amplifi-
cation by long-distance PCR. CD34 KSL c¢DNA was
subcloned into the ATripEx2 phage vector (Clontech). SP
Lin™ ¢cDNA was subcloned into the pMX retrovirus vector
[14].

2.4 Sequencing

XL1-Blue Escherichia coli cells were infected with the
CD347KSL phage library and were subcloned by plating on
L Broth (LB) plates. cDNA inserts were initially amplified
by standard PCR procedures on a PE 9600 thermal cycler
(Applied Biosystems, Foster City, CA, USA) using the
following primers: sense, 5-CTCCGAGATCTGGACG
AGC-3', and antisense, 5-CGTT GTAAAACGACGGC
CAGTG-3. PCR products were purified using ExoSAP-IT
(Amersham Biosciences, Uppsala, Sweden) and were
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sequenced using the following primer: 5-TCTCGG
GAAGCGCGCCAT-3'. The SP Lin~ library was transfec-
ted by electroporation into JIM109 E. coli cells, which then
were plated on LB plates. Plasmid DNA was prepared by
the alkaline-SDS method and purified by multiscreen FB
filtration (Millipore, Billerica, MA, USA). Products were
sequenced using the following primer: 5-GACCTTA
CACAGTCCTGCTGAC-3.

2.5 Analysis of sequence data

A homology search of HSC library clones was performed
against the RefSeq nucleotide sequence databases from
the NCB1 website (http://www.ncbi.nlm.nih.gov/BLAST/
) using the BLASTN algorithm. Each HSC clone was
assigned a Refseq identification number (ID) {15]. The
clones showing the highest-scoring hits for both Identity
(>95%) and Bitscore (>300.0) were selected for further
analyses. Additional databases used for analyses included
the Gene Ontology (GO) database from the Gene
Ontology Consortium website (http://geneontology.org/)
[16].

2.6 In silico subtraction

The EST databases for multiple organs, including small
intestine (dbEST ID: 2601, 7229), heart (509, 5430),
kidney (7215, 1300), liver (9742, 1299), and muscle
(8902) were downloaded from the mouse UniGene
website  (http://www.ncbinlm.nih.gov/UniGene/). Al
genes were assigned a Refseq ID by BLASTN searching,.
Multi-organ ESTs were digitally subtracted from the
HSC library clones. SCDb clones also were downloaded,
assigned Refseq IDs, and compared with the HSC library
clones.

2.7 Identification of putative non-coding RNAs

After homology with known protein-coding sequences

according to BLASTN had been sought, remaining
sequences were aligned to genomic sequence by using
BLAT (htp://www genomeblat.com/genomeblat/index.asp).
If they were aligned at >90% identify over >90% of their
length, their cDNAs were kept: otherwise they were dis-
carded. All of the homology searches against publicly
available EST sequences were performed by BLASTN.
Only EST sequences with an E < 1.0e-100 were regarded as
corresponding to homologous mouse ESTs (ftp://ftp.nchi.
nih.gov/blast/db/est_mouse.Z). Sequences with E-values
lower than 1.0e-50 were regarded as likely human and rat
orthologous ESTs. Reverse hits were not considered.

@ Springer

2.8 Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was carried out with normal-
ized ¢cDNA by quantitative PCR using TagMan rodent
GAPDH control reagent (Applied Biosystems) as described

[17]. PCR products were separated on agarose gels and
visualized by ethidium bromide staining.

3 Results
3.1 Cell sorting and library construction

Total RNA from 6,000 CD347KSL and 10,000 SP Lin™
cells was subjected to full-length ¢cDNA synthesis coupled
with c¢cDNA amplification by long-distance PCR.
CD34 KSL and SP Lin™ cDNAs were, respectively, sub-
cloned into the ATripEx2 phage vector and the pMX
retrovirus vector. The sizes of the library were, respec-
tively, 1.15 x 10° and 1.16 kb (Fig. I). Although the two
libraries were in different vectors, we used the same
method for ¢cDNA amplification and the average insert
sizes were comparable with each other (CD34 KSL
1.07 kb and SP Lin™ 1.16 kb). Thus, we reasoned that the
difference in the library construction methods did not cause
any significant biases in gene expression profiles between
the two populations.

3.2 Gene expression analysis

We sequenced the 5'-termini of about 9,500 ¢cDNAs from
each HSC library and compared them, using the BLASTN
search algorithm, to a non-redundant database made
available from the National Center for Biotechnology
Information (NCBI). About 5,000 c¢cDNAs from each
library were determined to be identical to known genes
in the NCBI database. These were sorted into non-over-
lapping sets of 1,424 and 2,077 different genes for
CD347KSL and SP Lin™, respectively (Fig. 2a). Most of
the genes in our original collection (CD347KSL 775, SP
Lin™ 1,385) were represented by a single clone. In contrast,
most of the genes represented by multiple cDNAs were
housekeeping genes, including ubiquitin B (CD34 KSL
43, SP Lin~ 46), f-actin (CD34"KSL 33, SP Lin~ 36),
ribosomal protein, and so on (Fig. 2b).

After assigning gene identities, we used reported GO to
assign predictable functions to 1,034 of the CD347KSL
¢DNAs and 1,510 of the SP Lin~ cDNAs in our set. We
categorized genes by their products’ subcellular localizations,
biological processes, and molecular functions (Fig. 3).

We then compared gene profiles between the two HSC
libraries and also with SCDb-listed HSC-specific genes
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Fig. 1 Construction of the HSC Lineage gated
¢DNA libraries. Cell sorting
gates for the two HSC fractions
are depicted. Total RNA
isolated from 6,000 CD347KSL
and 10,000 SP Lin™ cells was
subjected to full-length cDNA
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Fig. 2 Profiling of gene expression of hematopoietic stem celis by
high-throughput sequencing. a Summary of the HSC clones identified
by high-throughput sequencing. b Non-overlapping ESTs from

[12] by usihg UniGene numbers to determine overlaps
(Fig. 4a). To exclude ubiquitously expressed genes
including housekeeping genes, digital subtraction was
performed against ESTs from heart, muscle, liver, kidney,
and intestine EST databases. After subtraction, 31 genes
were determined to be in common between the two HSC
libraries. Six of them were also included in the SCDb
database (Fig. 4b). A detailed list of these genes is pre-
sented in Tables | and 2. Among 31 genes shared between
the two HSC libraries, 25 genes appeared HSC-specific, a
feature not previously reported. Of note was that five of
them were novel (Fig. 4b). We next used RT-PCR to
analyze these genes’ expression profiles in CD347KSL and
SP Lin~ HSC populations. As shown in Fig. 5, we con-
firmed that several genes are specific to CD34 KSL or to
SP Lin~. Others were expressed in both populations,
although some genes that were not included in the SCDb
database showed no HSC specificity (Table 3).

3.3 Identification of mRNA-like putative
non-coding RNAs

Four thousand and four hundred and fifty clones from the
CD34 KSL ¢DNA library did not show any homology to
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CD34"KSL and SP Lin™ cells were assembled into clusters of
singletons and contigs. The number of clusters (Y-axis) is plotted
versus the number of clones in each cluster (X-axis)

the known protein-encoding genes in the NCBI database.
We therefore computationally screened them to see if their
products might include putative non-coding RNAs, the
biological significance of which has recently been recog-
nized [18, 19] (Fig. 6a).

Of these, 211 bore candidate sequences that matched the
three-step criteria described in Methods (above). Among
these 211, 112 clones (82 independent sequences) showed
homology with known UniGene mouse ESTs. Of these 82,
55 sequences were hypothesized to represent protein-cod-
ing RNA, leaving 43 clones (29 independent sequences) as
candidates for non-coding RNAs (Fig. 6b).

4 Discussion

With advances in technologies for HSC purification, many
HSC populations have been subjected to gene expression
profiling analyses. SCDb, one of the representative HSC
databases, lists HSC-specific genes screened by high-
throughput sequencing and microarray analysis of fetal
liver AA4.1YKSL cells and by microarray analysis of BM
Rhodamine-123"VKSL cells. A list of HSC-specific genes
has also been provided by detailed microarray analyses of
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Fig. 3 Distribution of known or putative locus and functions of gene products for CD347KSL and SP Lin™ genes determined by gene ontology.
a Total, b cellular component, ¢ molecular function, and d biological process

Fig. 4 Overlapping gene expression in HSCs. a Venn diagram
detailing shared and distinct genes listed in SCDb or expressed by
CD347KSL cells or by SP Lin™ cells. b Venn diagram detailing
shared and distinct genes expressed among CD347KSL celis, SP

Lin~ cells, and SCDb after in silico subtraction. The genes in EST
databases for brain, heart, muscle, liver, kidney, and intestine were
subtracted in silico from the HSC cDNAs
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Table 1 Lists of genes identified as expressed in common among
SCDb, CD34”KSL., and SP Lin™ libraries

Table 2 Lists of genes identified as shared only between CD34 ™ KSL
and SP Lin™ libraries

Accession no. Gene

NM 008114 Growth factor independent 1B

NM 028460 RIKEN cDNA 3110045G13 gene
3110045G13Rik)

NM 008595 Manic fringe homolog (Drosophila) (Mfng)

NM 022881 Regulator of G-protein signaling 18 (Rgs18)

NM 144886 Exosome comp'onem 2 (Exosc2)

XM 354694 Serine (or cysteine) proteinase inhibitor,

clade A, member 3G (Serpina3g)

CD347KSL cells in comparison with progenitor cells and
differentiated cells [20]. Furthermore, gene expression
profiles have been compared among different stem cells
(SP CD34"KSL HSCs, neural stem cells, and ES cells),
with identification of genes expressed in common [21].
Both SP CD347KSL and CD347KSL cells are highly
enriched for HSCs compared with fetal liver AA4.1*KSL
cells. However, the paucity of SP CD34 KSL and
CD347KSL cells in BM hampered approaches to ex;;res-
sion profiling other than microarray analysis. Cyclopedic
full-length ¢DNA sequencing projects, however, have
provided us with an abundance of cDNA data for many
kinds of organs, tissues, and cells, HSCs excepted [22]. To
obtain a detailed gene expression profile of CD34 KSL
HSCs, we constructed a CD34 " KSL c¢DNA library and
performed high-throughput sequencing. We then compared
the resultant profile with that similarly obtained for another
HSC fraction, SP Lin™ cells.

The HSC libraries we constructed contained indepen-
dent clones in numbers comparable with those in libraries
made using similar methods (Figs. 1, 2) [23]. Successful
subtraction of housekeeping genes in silico allowed us to
focus on genes specific to hematopoietic cells (Fig. 4). As
expected, most of the genes identified as in common
among SCDb, CD347KSL, and SP Lin™ libraries appeared
to be HSC-specific by RT-PCR analysis, while the genes
identified as in common only between CD34 KSL and SP
Lin~ libraries contained those non-specific to HSCs
(Fig. 5, Table 3). Contamination with genes that are not
HSC-specific also indicated the limitations of our in silico
subtraction approach (Table 3). Furthermore, representa-
tive HSC genes, including GATA-2 and Bmil, were
identified in only one HSC library. This might be because
too few clones were sequenced. However, this approach is
suitable to identify novel transcripts or for profiling of
genes with low expression levels, and indeed we could
identify five novel genes that are HSC-specific in
expression.

By GO assignment, we predicted functions of the
identified genes (Fig. 3). Among genes assessed as
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Accession Gene

no.

NM 008187 Gene trap locus 3 (Gtl3)

NM 026042 RIKEN ¢cDNA 2810405022 gene
(2810405022Rik)

NM 026753 RIKEN ¢DNA 1110019N10 gene

(1110019N{ORik)

RIKEN cDNA 4933421G18 gene
(4933421G1I8Rik)

XM 127929

NM 144541 Brain and reproductive organ-expressed protein
{Bre)

NM 145711 Thymocyte selection-associated HMG box gene
(Tox)

NM 172148 c¢DNA sequence BC028440 (BC028440)

NM 009342 -Complex testis expressed | (Tctex1)

NM 009821 Runt related transcription factor | (Runx1)

NM 010149 Erythropoietin receptor (Rpor)

NM 011178 Proteinase 3 (Prin3)

NM 013585 Proteosome (prosome, macrepain) subunit, beta
type 9 {large multifunctional protease 2)
(Psmb9)

NM 013814 UDP-N-acetyl-alpha-p-

galactosamine:polypeptide
N-acetylgalactosaminyltransferase | (Galntl)

NM 013899 Translocase of inner mitochondrial membrane 13

homolog a (yeast) (Timm!3a)

NM 018782 Calcitonin receptor-like (Calerl)
NM 025570 Mitochondrial ribosomal protein L20 (Mrpl20)
NM 026479 DNA segment, Chr 11, ERATO Doi 416,

expressed (D11Ertdd16e)

Catechol-O-methyltransferase domain
containing | (Comtdl)

NM 026965

NM 028906 Dipeptidylpeptidase 8 (Dpp8)

NM 030066 Armadillo repeat containing, X-linked 1}
(Armex 1)

NM 133786 SMC4 structural maintenance of chromosomes
4-like 1 (yeast) (Smcdll)

NM 148634 Gene trap ROSA b-geo 22 (Gtrgeo22)

NM 172562 Transcriptional adaptor 2 (ADA2 homolog,
yeast)-like (Tada2l)

NM 173440 Nuclear receptor interacting protein | (Nripl)

NM 177342 TAF5 RNA polymerase I, TATA box binding

protein (TBP)-associated factor (TAFS)

encoding a membrane protein (CD34 KSL: 122, SP Lin™:
291, both populations: 118), we could use cell-function
classifications to identify novel HSC cell surface marker
candidates. These included cell adhesion, a biological
process (CD347KSL: 10, SP Lin™: 15, both popula-
tions: 7), and receptor activity, a molecular function
(CD347KSL: 29, SP Lin": 72, both populations: 22).
Indeed, among genes specific to CD34 KSL and/or SP
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Fig. 5 Expression of identified genes. Expression of selected SCDb-
listed genes shared between CD347KSL cells and SP Lin~ cells and
selected genes shared only between CD34 KSL cells and SP Lin™
cells was analyzed by RT-PCR. Cells analyzed are BM CD34"KSL

Lin~ cells, the deduced amino acid sequence of RIKEN
cDNA 9930117H01 contains both a putative signal peptide
sequence and a transmembrane domain (Fig. 5). RIKEN
c¢DNA 3110045G13 is similarly predicted to encode a cell
surface transmembrane protein with extracellular EGF-like
domains, and RIKEN c¢DNA 2700079M14 to encode a
transmembrane protein with an extracellular immuno-
globulin-like domain. To analyze expression specificities
and functions of these putative cell surface proteins
in HSCs would be intriguing. The GO profiling may help in
understanding the molecular machineries operating in
HSCs.

One of the most surprising results to emerge from
mammalian cDNA sequencing projects is that thousands of
mRNA-like non-coding RNAs are expressed, constituting
at least 10% of poly(A)" RNAs {24, 25]. Non-coding
RNAs are involved in the regulation of epigenetic

and SP Lin~ HSCs, CD341YKSL and Lineage marker™ progenitors,
TER119% erythroblasts, Mac-1* monocytes/macrophages, Gr-17
neutrophils, and B220% B cells

functions, including chromatin structure and genome
imprinting. Inactivation of the X chromosome by Xist RNA
is a representative function of non-coding RNAs [20].
Some functions of non-coding RNAs in hematopoiesis
have been reported [18, 19]. In most cases, however, the
functions of these RNA molecules remain unclear. The
biological significance of mRNA-like non-coding RNAs in
HSCs in particular has not been clarified. We screened
HSC clones for mRNA-like non-coding RNAs and identi-
fied 29 candidates. Our data suggest that some mRNA-like
non-coding RNAs function in an HSC-specific manner.
Understanding of the functions of HSC-specific mRNA-
like non-coding RNAs would break open a new field of
HSC biology.

By high-throughput sequencing analysis, we have added
a number of genes to the list of HSC-specific genes and
have identified HSC-specific putative mRNA-like non-
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