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# 1 Patients’ characteristics

Cancer types, N

Stage Platform Source No. samples Female (%) Age (mean=SD) -
Pancreatic Lung Bile duct Others
GWAS
ADR Illumina HumanHap610-Quad BioBank Japan 21 450 64.8+109 12 1 2
non-ADR Tlamina HumanHap610-Quad BioBank Japan 58 41.8 64.0+87 23 19 10 1
Replication study
ADR Invader assay BioBank Japan, Sapporo Medical 33 355 64.2+99 28 4 3
University, Wakayama Medical Uni-
versity, Kure Kyosai Hospital
non-ADR Invader assay BioBank Japan, Sapporo Medical 62 302 64.9+90 36 17 2
University, Wakayama Medical Uni-
versity, Kure Kyosai Hospital
ADR : adverse drug events
# 2 Summary of association results of GWAS and replication study
Chro- Chromo- Allele ADR non-ADR P value False Odds ratio
SNP mosome some Gene 172 Stage 11 12 22 RAF 11 12 22 RAF Al . . discovery ©95%CD '
location* (risk) elic Dominant Recessive rate 70
rsl11141915 9 89425614 DAPKI T/G GWAS 18 3 0 093 21 30 7 062 127x107 1.04x107* 1.80%107? 794 (2.32-27.25)
(T) Followup 22 11 0 083 23 31 8 062 277x107° 923x107% 473x1072 Q.18 305 (145-641)
Combined 40 14 0 087 44 61 15 062 127x10°% 691x107° 611x1073 410 {2.21-762)
151901440 2 134154429 No gene A/C GWAS 11 3 7 040 31 27 0 023 442x107% 100x107° 401x10°% 6052 (545-632.87)
(cy Folowup 20 8 5 027 42 19 1 017 130x107! 505%x10°1 182x107% 0.655 1089 (1.22-97.64)
Combined 31 11 12 032 73 46 1 020 144x107% 7.39%107" 3.11x10"° 3400 (4.29-269.48)
rs12046844 1 66010967 PDE4B T/C GWAS 1 5 15 083 12 32 14 052 393x107* 195%x1071 167x107! 7.86 (256-24.12)
(c) Followup 4 10 19 073 7 34 21 061 150x107' 309x107* 100x107° 0545 265 (111-631)
Combined 5 15 34 077 19 66 35 057 3.05x10™' 456x%107% 343x107! 413 (2.10-8.14)
rs11719165 3 196067377 No gene C/T GWAS 9 10 2 067 5 27 2 032 115x107! 349x1073 1.21X10“f" 427 (2.01-9.05)
() Folowup 9 16 8 052 7 31 24 036 4.61><10'f 178 %1071 8.12x1072 0.741 1.87 (1.02-342)
Combined 18 26 10 057 12 58 50 034 598x107° 326x107% 366x107" 260 (1.63-4.14)

RAPF, risk allele frequency : CL confidence interval

’f‘Based on NCBI 36 genome assembly.
YOdds ratios were shown for the model with minimum P values,

: GWAS, genome-wide association study.
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# 3 Prediction scores of gemcitabine-induced sever leukopenia/neutropenia using rs11141915,
rs1901440, rs12046844 and rs11719165

Scor ADR, N (%) non-ADR,N (%) Odds ratio (95% CI) General control, N (%)
¢ (V=54 (N=120) P value (N=934)
0 4 (74%) 50 (41.7%) ] 100 (ref ) 271 (29.0%)
1 9 (167%) 50 (41.7%) : SRS 423 (453%)
2 28 (51.9%) 18 (15.0%) 11.97 (5.23-27.37) 194 (20.8%)
625x10°10
3 (24.1%) 2 (1.7%) 50.00 (10.13-246.90) 46 (4.9%)
413x107°
(trend test) 991 (556-17.67)
131 x 10714
CI, confidence interval.
TERTIENMHENL (trend test P=1.31% REVEASRIE S 7z,
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Ribosomal protein L11- and retinol dehydrogenase 11-induced erythroid
proliferation without erythropoietin in UT-7/Epo erythroleukemic cells
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Erythropoiesis is the process of proliferation, differentiation, and maturation of erythroid
cells. Understanding these steps will help to elucidate the basis of specific diseases associated
with abnormal production of red blood cells. In this study, we continued our efforts to identify
genes involved in erythroid proliferation. Lentivirally transduced UT-7/Epo erythroleukemic
cells expressing ribosomal protein L11 (RPL11) or retinol dehydrogenase 11 (RDH11) could
proliferate in the absence of erythropoietin, and their cell-cycle profiles revealed G¢/G; pro-
longation and low percentages of apoptosis. RPL11-expressing cells proliferated more rapidly
than the RDH11-expressing cells. The antiapoptotic proteins BCL-XL and BCL-2 were ex-
pressed in both cell lines. Unlike the parental UT-7/Epo cells, the expression of hemoglobins
(Hbs) in the transduced cells had switched from adult to fetal type. Several signal transduction
pathways, including STATS, were highly activated in transduced cells; furthermore, expres-
sion of the downstream target genes of STATS, such as CCND1, was upregulated in the trans-
duced cells. Taken together, the data indicate that RPL11 and RDHI11 accelerate erythroid
cell proliferation by upregulating the STATS signaling pathway with phosphorylation of
Lyn and CREB. Copyright © 2015 ISEH - International Society for Experimental Hematol-

ogy. Published by Elsevier Inc.

Erythropoiesis, the process of production of red blood cells,
consists of several stages that depend on various specific
cytokines; these factors promote the differentiation and pro-
liferation of hematopoietic stem cells into mature erythro-
cytes. The maturation process of erythrocytes involves
many steps, including chromatin condensation, hemoglobi-
nization, enucleation, and expulsion of certain organelles.
Erythropoietin (Epo), the major growth factor in erythro-
poiesis, plays an essential role in proliferation and preven-

TK and TI contributed equally to this work.

Offprint requests to: Professor Dr. Kenzaburo Tani, Division of Molec-
ular and Clinical Genetics, Department of Molecular Genetics, Medical
Institute of Bioregulation, Kyushu University, 3-1-1 Maidashi,
Higashi-ku, Fukuoka 812-8582, Japan; E-mail: taniken@bioreg.
kyushu-u.ac.jp

Supplementary data related to this article can be found online at http://
dx.doi.org/10.1016/j.exphem.2015.01.006.

tion of apoptosis, starting at the stage of the initial erythroid
precursor.

Understanding erythroid proliferation and maturation
will help to clarify the pathogenesis and prognosis of
several hematologic diseases that are accompanied by ane-
mia resulting from the abnormal production of erythroid
cells. Such insights should lead to improvements in thera-
peutic approaches for these conditions. Most of these dis-
eases, which include myelodysplastic syndrome and acute
erythroleukemia, are still too difficult to manage, and spe-
cific treatments remain to be developed. This situation
prompted us to elucidate the pivotal genes that control
the growth and proliferation of erythroid cells.

To determine novel essential genes involved in this
process, we performed studies using UT-7/Epo, an
erythropoietin-dependent human erythroleukemic cell line
[1]. Based on our previous research, we examined candi-
date genes with potential roles in erythroid growth and
maturation by delivering genes from a human fetal

0301-472X/Copyright © 2015 ISEH - International Society for Experimental Hematology. Published by Elsevier Inc.
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Q3 liver—derived Entry complementary DNA (cDNA) library
into UT-7/Epo cells, using a lentiviral system [2,3]. After
identifying eight candidate genes in a colony-forming
assay, we focused on two potential candidate genes, ribo-
somal protein L11 (RPLI1I) and retinol dehydrogenase 11
(RDH11), in subsequent experiments. Here, we demon-
strated that these lentivirally transduced cells could prolif-
erate and produce fetal Hb (y-globin) and adult Hb

Q4 Q5 (B-globin) in a culture medium that lacked Epo. Moreover,
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during the proliferation of these erythropoietin-independent
transduced cells, the STATS signaling pathway was signif-
icantly upregulated relative to the levels in parental UT-7/
Epo cells.

Materials and methods

Cell culture conditions

Q6 The UT-7/Epo cell line [1] was cultured in IMDM (Gibco) supple-
mented with 10% fetal bovine serum and 1 U/mL human recom-
binant Epo (R&D Systems, Minneapolis, MN) at 37°C in 5% CO,.

Screening for candidate genes in erythropoiesis

The process of screening candidate genes involved in erythropoi-
esis was performed as previously described [2]. In brief, 8 candi-
date genes with full-length insertions in transduced cells were
selected from our previous report. cDNA from each gene was
cloned into the pCSII-EF-RfA-IRES2-Venus lentiviral vector
(kindly provided by H. Miyoshi, RIKEN, Tsukuba, Japan) using
Gateway Clonase Enzyme Mix (Invitrogen, Carlsbad, CA). All
constructs were verified by DNA sequencing. Specific lentiviral
supernatant was produced from 293T cells and used to transduce
UT-7/Epo cells. Cells transduced with each of the 8 lentiviruses
were cultured in methylcellulose (Nacalai Tesque, Kyoto, Japan)
without Epo for 1 month before analysis.

Hematopoietic colony formation assay -
A total of 1 x 10* colony-derived cells were collected and seeded
into 1 mL of methylcellulose using a 2.5-mL syringe and an 18G
needle. The mixture of cells and methylcellulose was dispensed
into 35 x 10 mm tissue culture dishes (Becton Dickinson,
Franklin Lakes, NJ) at 1 mL per dish. Dishes were gently tilted
and rotated to distribute the methylcellulose evenly, and then
3 mL of sterile water were added into an extra uncovered dish
before incubation for 1 month at 37°C and 5% CO,. Colonies in
each dish were counted at day 30 and then picked, cytospun
onto glass slides, and stained with May—Grunwald Giemsa solu-
Q7 tion for microscopic observation. Photographs of colonies were
taken using a microscope equipped with the AxioVision software
(Zeiss, Oberkochen, Germany).

Western blotting

Transduced cells, including UT-7/Epo cells, were collected at 24,

48, and 72 hours. Cells were lysed with lysis buffer containing

50 mmol/L Tris-HCI (pH 7.4), 150 mmol/L. NaCl, and 1.0% NP-

40. The protein concentration was determined using the Pierce

BCA protein assay kit (Thermo Scientific, Rockford, IL).
Q8 Whole-cell extracts (5 pg/lane) were subjected to 12.5% SDS -
Q9 polyacrylamide gels, and protein was transferred to PVDF mem-

branes (Bio-Rad, Hercules, CA). The immunoreaction was
performed by incubating the membrane for 1 hour at room temper-

ature (RT) with primary antibodies as follows: mouse antihuman Q10
BCL-XL (Santa Cruz Biotechnology; dilution, 1:200), mouse anti- Q11
human BCL-2 (Santa Cruz Biotechnology; dilution, 1:200), or
mouse anti-f-actin (C4, sc-47778, Santa Cruz Biotechnology;
dilution, 1:1,000). Membranes were incubated at RT for 1 hour

with HRP -conjugated secondary antibody: antimouse IgG Ab Q13
(sc-2005, Santa Cruz Biotechnology; dilution of 1:10,000). Anti- Q12
gen—antibody reactions were detected using the enhanced chemi-
luminescence assay (Amersham Biosciences, Piscataway, NIJ).
Western blots were analyzed on an LAS3000 (Fuji Film Co., To-

kyo, Japan).

Gene expression analysis by quantitative RT-polymerase chain
reaction (PCR)

To determine the expression of STATS regulated genes, RNAs
were extracted from UT-7/Epo and RPLI1- and RDHI11-
transduced cells at day 3 using the RNeasy Mini kit QIAGEN
(QIAGEN, Hilden, Germany). Concentration of RNA was
measured using a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific) before proceeding to cDNA synthesis with
SuperScript IIT First-Strand Synthesis System for RT-PCR (Invi-
trogen). Expression of PIM2 and CCNDI was analyzed using
the Applied Biosystems StepOne Plus Real-Time PCR
system (Applied Biosystems/Life Technologies, Grand Island,
NY). For detection of PIM2, the forward primer was 5'-
TGGGCATCCTCCTCTATGAC-3', and the reverse primer was
5'-GTACATCCTCGGCTGGTGTT-3'. For CCNDI, the forward
primer was 5-GATCAAGTGTGACCCGGACT-3’, and the
reverse primer was 5'-TCCTCCTCTTCCTCCTCCTC-3'. The
PCR mixture was as follows: 10 pL Fast SYBR Green master
mix (Applied Biosystems), 0.2 pL forward primer (10 pmol/L),
0.2 pL reverse primer (10 pmol/L), 1.0 pL ¢cDNA, and 8.6 pL
dH,O. The PCR conditions were as follows: 95°C for 20 sec
(holding stage); 40 cycles of 95°C for 3 sec and 60°C for
30 sec (cycling stage); and 95°C for 15 sec, 60°C for 1 min,
and 95°C for 15 sec (melting curve stage).

To confirm Bcl-xL gene expression in RPL11- and RDH11-
transduced cells, quantitative RT-PCR was performed using the
following primers: hBcl-xL forward: 5'-CTGCCTCACTTCCTAC
AAGAGC-3' and hBcl-xL reverse: 5'-CTGAGGTAGGGAAG
ACCCTG-3'. In brief, RNAs were extracted from RPL11- and
RDH1 I-transduced cells and UT7/Epo cells at 24, 48, and 72 hours
before converting to cDNA using SuperScript III First-Strand Syn-
thesis System (Invitrogen). PCR mixture was: 5 pL Fast SYBR
Green master mix (Applied Biosystems), 0.1 pL Bcl-xL forward
and reverse primers (10 pmol/L), or 0.1 pL GAPDH forward Q15
and reverse primers (5 pmol/L), 1.0 pL cDNA, and 3.8 pL
dH,0. The PCR was performed as above.

Q14

Cell proliferation assay

To determine the growth and proliferation of UT-7/Epo and
RPL11- and RDHI11-transduced cells, proliferation assays were
performed using Cell Count Reagent SF (Nacalai Tesque). Briefly,
each cell line was seeded into 96-well flat-bottom plates at 1 x 10°
cells/well in 100 pL culture medium, with or without Epo. After
growth for 2, 4, and 6 days, 10 pL of Cell Count Reagent SF
was added to each well and incubated for 1 hour at 37°C in 5%
CO,. Absorbance at 450 nm (ref. 650 nm) was recorded using a
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microplate reader (Thermo Scientific). The experiments were per-
formed in triplicate, and data were analyzed by plotting the cor-
rected absorbance at 450 nm on the y axis and time points on
the x axis.

For detection of growth factors produced in an autocrine
manner, culture media from RPL11- and RDH11-transduced cells
at 48 hours were collected and filtered through 0.22 pum syringe
filter before used. The erythropoietin levels of these collected cul-
ture media were measured by LSI Medience Corporation (Tokyo,
Japan). The UT7/Epo cells deprived of Epo were cultured with
medium collected from RPL11- or RDH11-transduced cells for
2, 4, and 6 days before assessment of cell proliferation using
Cell Count Reagent SF, as described above.

Determination of STATS signaling pathway involving in cell
proliferation using STATS inhibitor
To determine whether STATS signaling pathway was involved in
cell proliferation of RPL11- and RDHI11-transduced cells,
STATS inhibitor (573108, Merck Millipore, Darmstadt, Germany)
was added in culture medium for inhibition of cell growth [4].
Drug was dissolved with dimethyl sulfoxide (DMSO, Nacalai,
Japan), diluted with medium, and used at the final concentrations
of 100 and 200 umol/L. with 0.1% DMSO in cell proliferation
assay.

UT7/Epo with Epo and RPL11- and RDH1 I-transduced cells
were cultured in medium with STATS inhibitor at the final concen-
trations of 100 and 200 pmol/L for 12 hours. After washing the

237 Q16 treated cells with PBS, cells were seeded into 96-well flat-

238
239
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241
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247

bottom plates at 1 x 10% cells/well in 100 pL drug-free medium.
Untreated cells were used as the control group. Cells were
cultured until days 2, 4, and 6 before analysis using Cell Count
Reagent SF as mentioned earlier.

Flow-cytometry analysis for intracellular Hb expression

UT-7/Epo and RPL11- and RDH11-transduced cells were cultured
in medium with or without Epo for 2 days before analysis of intra-
cellular Hb expression. Cells were collected and fixed with cold
0.05% glutaraldehyde for 10 min at RT. After washing with

Q17 PBS-0.1% BSA, cells were permeabilized for 5 min at RT with

248 ()18 0.1% Triton X-100 and then blocked with PBS-BSA. Cells were

249

incubated at RT for 15 min with diluted primary antibody in

250 Q19 0.1% BSA in PBS: F-APC—conjugated mouse anti-Hb (Invitrogen;

251
252
253
254
253
256
257
258
259
260

Q20 Q21
261

dilution, 1:17) or B-PerCP-Cy5.5—conjugated mouse anti-Hb
(Santa Cruz Biotechnology; dilution, 1:200). Antibody-stained
cells were analyzed on a FACSCalibur (BD Biosciences) using
the CellQuest software.

Cell-cycle analysis

UT-7/Epo and RPL11- and RDH11-transduced cells were seeded
in 12-well plates at 2 x 10° cells/well and incubated at 37°C
for 24, 48, or 72 hours in medium with or without Epo. At each
time point, cells were collected, washed with PBS, and fixed
with cold 70% ethanol for 10-14 hours. Cells were incubated
with FITC -conjugated anti-BrdU (BD Biosciences) for 30 min,
and then treated with RNase A (Nacalai Tesque) and 7-AAD (Bio-
Legend, San Diego, CA) to exclude nonviable cells. The cell-cycle

262 Q22 profile (i.e., the proportions of cells at Go/Gy, S, and Go/M phases,

263
264

as well as apoptotic cells) was analyzed on a FACSCalibur with
the CellQuest software.

Phosphokinase array for analysis of signaling pathways in
transduced cells
To identify the signal transduction pathways activated in trans-
duced cells, samples were analyzed using the Human Phospho-
Kinase Array Kit (R&D Systems, Minneapolis, MN). In brief,
cells were cultured with and without Epo for 12 hours, and cell ly-
sates were prepared using the lysis buffer provided in the kit.
Then, the provided membranes were blocked with Array Buffer
1 prior to incubation with cell lysates. After overnight incubation
at 2-8°C, membranes were washed, and specific kinases were de-
tected using Detection Antibody Cocktail A and B, provided in the
kit. Membranes were washed and probed with Streptavidin-HRP
(BD Biosciences) before being analyzed using an LAS3000
(Fuji Film Co., Tokyo, Japan). Pixel densities were measured us-
ing a transmission-mode scanner and image analysis software.
To focus particularly on STATS signaling pathway involved in
the growth and proliferation of RPL11- and RDH11-transduced
cells, STATS inhibitor at final concentration of 100 pmol/L was
added into culture medium of all cell lines. After 12 hours, sam-
ples were prepared and assayed as above.

Immunocytochemical detection for CREB, Lyn, and JAK?2
phosphorylation

To determine the phosphorylation of CREB, Lyn, and JAK2, cells
were cultured with or without Epo. After 12 hours, RPL11- and
RDHI11-transduced cells and UT7/Epo cells were harvested, cyto-
spun at 450 rpm for 5 min, and let dry for 2 hours at RT. Cells
were fixed with 1% paraformaldehyde in PBS for 10 min at RT.
After washing with ice cold PBS for 3 times, cells were permea-
bilized and blocked using 0.05 % Triton X-100 in 1% BSA/PBS
for 30 min. Cells were then incubated with diluted primary anti-
body: mouse antihuman phospho-CREB (dilution 1:25, R&D Sys-
tems, UK), rabbit antihuman phospho-JAK2 (dilution 1:50,
abcam, Cambridge, UK), mouse antihuman phospho-Lyn (dilution
1:25, R&D Systems, UK) in blocking buffer at 4°C overnight. Af-
ter washing 3 times with PBS, cells were incubated with second-
ary antibody: Alexa Fluor 647 donkey antimouse (dilution 1:500;

Life Technologies), Alexa Fluor 647 donkey antirabbit (dilution Q25

1:500, Invitrogen) for 30 min at RT in the dark. Mounting and
fixing were performed using VECTASHIELD with DAPI (Vector
Laboratories, Inc., CA) before analysis, followed by the observa-
tion using fluorescence imaging with Olympus Ix81 Inverted Mi-
croscope ().

In addition, Hela cells treated with 200 nmol/L. PMA (phorbol

12-myristate 13-acetate, Sigma) for 2 hours were used as positive Q27

control to detect CREB phosphorylation. One mmol/L of Pervana-
date was prepared from Sodium orthovanadate (Sigma) and
hydrogen peroxide (Nacalai Tesque) diluted with PBS as previ-
ously described [5]. Jurkat cells and Hela cells treated with
1 mmol/L Pervanadate were respectively used as positive control
for JAK2 phosphorylation and Lyn phosphorylation.

Statistical analysis
Data are shown as means = SEM. A p value <0.05 was consid-
ered to represent statistical significance.
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Figure 1. Identification of eight candidate genes involved in erythroid
proliferation. From our screening, eight candidate genes with full-length
insertions were detected. They were angiotensinogen (AGT), retinol dehy-
drogenase 11 (RDHI1), ferritin heavy chain subunit (FHS), interferon-
induced transmembrane protein 2 (/FITM2), ribosomal protein L11
(RPLI11), ferritin light chain (FLC), serpin peptidase inhibitor clade A
(SERPINAI), and D-site binding protein (DBP). In colony formation as-
says, RPL11-transduced cells yielded the highest average number of col-
onies (about 184). All colonies were cultured for 1 month in semisolid

339 Q34 medium without Epo.
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Results

Determination of candidate genes, and mechanisms
involving in erythroid proliferation of RPLI1- and
RDH]1-transduced cells

To identify candidate genes involved in human erythropoi-
esis, we first prepared lentiviruses expressing eight candi-
date genes, and used these viruses to transduce UT-7/Epo
cells. These genes encoded angiotensinogen (AGT), ferritin
heavy chain subunit (FHS), interferon-induced transmem-
brane protein 2 (IFITM2), ferritin light chain (FLC), ribo-
somal protein L11 (RPLI1), retinol dehydrogenase 11
(RDH11), serpin peptidase inhibitor clade A (SERPINA1),
and D-site (DBP) binding protein. After culture in semi-
solid medium without Epo for 1 month, we found that
two of these candidate factors, RPL11 and RDH11, resulted
in formation of a larger number of colonies than the other
genes (RPL11, 1844 = 6.2; RDH11, 10.0 = 0; Fig. 1).
Colonies were positive for Venus expression (data not
shown).

To further investigate cell proliferation, we next trans-
ferred the colonies derived from UT-7/Epo and RPL11-
and RDHI11-transduced cells into liquid culture and
subjected them to proliferation assays at various time
points. In the assay we used, higher absorbance at
450 nm reflected higher cell proliferation. UT-7/Epo cells
incubated with Epo (m) proliferated most rapidly, whereas
no proliferating cells could be detected in UT-7/Epo cells
incubated without Epo (x), particularly on days 4 and 6
(Fig. 2A). In contrast to nontransduced cells, both of the
RPL11- (A) and RDHI11- (@) transduced cells cultured
in the absence of Epo increased cell proliferation.
Compared to RDH11- (@) transduced cells, RPL11- (A)

A m UT-7/Epo (+) EPO
X UT-7/Epo (-) EPO
1 A LV-RPLIL (-) EPO 7
® LV-RDHI1I (-) EPO
0.8
S E
8§ & 06
£9
a
E O- 0.4
< ~
0.2
0 4

0 2 4 6

Culture days

B

UT-7/Epo UT7Epo | B0

(+) EPO () EPO f

LV-RPL11 LV-RDH11| @mp

(-) EPO s @ OFro 9P
@,

Figure 2. (A) Erythroid proliferation of transduced cells cultured without
Epo. Cell proliferation assay of UT-7/Epo and RPL11- and RDHI11-
transduced cells in liquid culture. Without Epo, UT-7/Epo cells could
not proliferate, whereas in the presence of Epo, these cells could prolifer-
ate very well, especially at days 2 and 4, with average ODs of 0.12 and
0.51, respectively. At day 6, RPL11-transduced cells without Epo yielded
the highest cell number among these three groups, with an average OD of
0.93. (B) Cell morphology. UT-7/Epo cells in the presence of Epo (Upper
left). UT-7/Epo cells, RPL11- and RDH11-transduced cells by lentiviruses

_ (LV-RPL11, LV-RDHI1), were cultured in the absence of Epo for 72 hours

(upper right, lower left, and lower right, respectively). Cells were cytospun
and subjected to May—Grunwald Giemsa staining. Scale bar = 10 um.

transduced cells proliferated 2.35-, 2.67-, and 6.64-fold
faster on days 2, 4, and 6, respectively; these differences
were statistically significant. In addition, on day 6,
RPL11- (A) transduced cells exceeded the proliferation
of UT-7/Epo cells (m) cultured in the presence of Epo.
Even under the Epo-free condition, both RPL11- and
RDHI 1-transduced cells maintained their proliferation,
suggesting that the products of the transduced genes could
substitute for Epo signaling in UT-7/Epo erythroleukemic
cells.

Morphological observation by May—Grunwald Giemsa
staining indicated that by 72 hours, UT-7/Epo cells cultured
without Epo had condensed nuclei and exhibited apoptotic
features (Fig. 2B). On the other hand, relatively larger cells
with less condensed nuclei were observed in both RPL11-
and RDHI11-transduced samples, compared with nontrans-
duced cells, irrespective of the presence of Epo. This
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Figure 3. The proliferation of UT-7/Epo cells in the supernatant of
RPL11- and RDHI11-transduced cells. In order to investigate whether
RPL11- and RDH11-transduced cells proliferated in an autocrine manner,
UT-7/Epo cells were cultured in the absence of Epo with the supernatant of
RPL11- and RDH11-transduced cells. The proliferation of UT-7/Epo cells
cultured in the supernatant of RPL11- and RDH11-transduced cells was
significantly decreased.

observation implies that RPL11- and RDHI11-transduced
cells proliferated in an immature state.

To investigate whether RPL11- and RDH11-transduced
cells proliferated in autocrine manner, culture medium
from respective transduced cells was used to culture UT-7/
Epo without Epo. At days 4 and 6, the proliferation of
UT-7/Epo cells was moderately suppressed by the culture
medium from RPL11-transduced cells but completely sup-
pressed by that from RDH11-transduced cells (Fig. 3). The
Epo levels of culture supernatant of respective transduced
cells were measured and were not detected, as observed
with nontransduced UT-7/Epo without Epo (data not shown).

To evaluate differentiation stage, we used intracellular
staining to assess Hb expression in transduced UT-7/Epo

cells after 2 days of culture. Based on flow-cytometric anal- -

ysis, 94.0% of UT-7/Epo cells cultured with Epo expressed
B-globin, whereas only 1.2% of them expressed y-globin.
Similarly, UT-7/Epo cells cultured without Epo predomi-
nantly expressed B-globin. By contrast, both RPL11- and
RDHI11-transduced cells cultured without Epo expressed
v-globin (41.5% and 38.3% of cells, respectively), whereas
~30% of both types of transduced cells expressed B-globin
(Supplementary Figure 1, online only, available at www.
exphem.org). Taken together, these data indicate that trans-
duction of RPL11 and RDH11 into UT-7/Epo cells induced
and maintained their proliferation in an immature state.

Change of cell-cycle status in RPL11- and RDHI1-
transduced cells.

To investigate the mechanisms underlying proliferation, we
performed cell-cycle analyses by BrdU and 7-AAD stain-
ing, followed by flow cytometry (Supplementary Figure 2,
online only, available at www.exphem.org). UT-7/Epo cells
cultured with Epo exhibited a prolonged S phase after 24,
48, and 72 hours of culture. On the other hand, UT-7/Epo

cells cultured without Epo exhibited a reduction in the num-
ber of S-phase cells (35.0%, 17.7%, 8.2%), in accordance
with increasing the number of apoptotic cells (0.5%,
5.9%, 14.8%). By contrast, both RPL11- and RDH11-
transduced cells cultured without Epo exhibited a lower
percentage of apoptotic cells at every time point than non-
transduced cells did. UT-7/Epo cells cultured with Epo had
the lowest percentage of apoptotic cells among these cell
lines, whereas UT-7/Epo cultured without Epo had the high-
est percentage of apoptotic cells and G,/M arrest, especially
after 72 hours of culture (Fig. 4).

To clarify the mechanisms of inhibition of apoptosis in
RPL11- and RDHI11-transduced cells cultured without
Epo, we evaluated the expression of two antiapoptotic pro-
teins, BCL-XL and BCL-2. We found that both types of
transduced cells expressed these proteins. By contrast,
UT-7/Epo cultured without Epo did not express either anti-
apoptotic protein, reflecting the higher percentage of
apoptotic cells in this group. As previously reported [6],
prominent BCL-XL expression and slight BCL-2 expres-
sion were detected in UT-7/Epo cells cultured in the pres-
ence of Epo (Fig. 5). Quantitative RT-PCR to detect
BCL-XL expression also showed the same results (Fig. 6).

Signaling pathways of two transduced cell lines

To elucidate the signal transduction pathways involved in
RPL11- and RDHI11-driven proliferation, we performed
phosphokinase array analysis after 12 hours of culture in
the absence of Epo (Fig. 7A). The phosphorylation statuses
of p53 (S392), Akt (T308), and AMPKal were almost the
same among the four samples tested: UT-7/Epo cells
cultured with or without Epo and RPL11- and RDHI11-
transduced cells cultured without Epo. The phosphorylation
of p38 was the highest in UT-7/Epo cells cultured with Epo,
and phosphorylation of p53 (S46) was the highest in
RDHI1 1-transduced cells. On the other hand, phosphoryla-
tion levels of both CREB and Lyn were higher in RPL11-
and RDH11-transduced cells, and phosphorylated Chk-2
and AMPKa2 were upregulated in the Epo-free condition,
regardless of gene transduction. Phosphorylated STATSa
(Y699) and HSP27 were downregulated in UT-7/Epo cells
cultured without Epo relative to UT-7/Epo cells cultured
with Epo; these phosphoproteins were upregulated in
RPL11- and RDHI 1-transduced cells to the same level as
in UT-7/Epo with Epo (Fig. 7B).

To ascertain that STATS5 signaling pathway was
involved in the proliferation of RPL11- and RDHI11-
transduced cells, we conducted phosphokinase array and
proliferation assay using these cells in the presence of
STATS inhibitor. Our results from phosphokinase array
confirmed that STATS phosphorylation was dramatically
decreased in the presence of STATS inhibitor (Fig. 8A).
Importantly, proliferation assay revealed that RDHI11-
transduced cells showed significantly decreased prolifera-
tion at any observed points in the presence of 100 and
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Figure 4. Cell-cycle determination of three cell lines. At 24, 48, and 72 hours after cultured, cells were collected and analyzed with flow cytometry. UT-7/
Epo cells without Epo exhibited the highest apoptosis and Go/M arrest at 72 hours (14.8% and 27.5% of cells, respectively). The lowest percentage of
apoptosis and the highest percentage of S phase arrest at every time point were observed in UT-7/Epo cultured with Epo. Between the 2 types of transduced
cells, RPL11-transduced cells exhibited the lower percentage of apoptosis than RDH11-transduced cells, especially at 24 and 48 hours.

200 pmol/L STATS inhibitor, whereas RPL11-transduced
cells showed significantly decreased proliferation only at
day 2 in the presence of 200 pumol/L STATS inhibitor
(Fig. 8B). CREB, Lyn, and JAK2 phosphorylation were
also studied using immunocytochemistry, and the phos-
phorylation of both CREB and Lyn were observed
(Fig. 8C). Of note, the phosphorylation of JAK2 could
not be demonstrated in our study (data not shown).
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Figure 5. Expression of antiapoptotic proteins was demonstrated by West-
ern blotting. Neither BCL-XL nor BCL-2 was detected in UT-7/Epo
cultured without Epo, whereas the expression level of BCL-XL was higher
than that of BCL-2 in UT-7/Epo cultured with Epo. Both types of trans-
duced cells also expressed BCL-XL and BCL-2 at every time point. B-
ACTIN was used as internal control.

To further examine STAT-5 regulated genes, we
observed the expression of PIM2 and CCNDI by real-
time PCR analysis [7.8]. The results showed that PIM2 ex-
pressions were not different among the samples, but
CCNDI expression was elevated by 43.4-fold in
RDHI11-transduced cells and 2.5-fold in RPLI11-
transduced cells compared with those in the UT-7/Epo
control (Fig. 9).
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Figure 6. Quantitative RT-PCR of Bcl-xL gene. The expression of Bel-xL
gene of RPL11- and RDH11-transduced cells was demonstrated. The high-
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