Table 1. Results of right heart catheterization
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Table 2. Changes in clinical parameters after tocilizumab therapy

RA (mmHg) 14
PA systole (mmHg) 73
PA diastole (mmHg) 26
PA mean (mmHg) 49
PCWP (mmHg) 8
Cardiac output (I/min) 3.8
Cardiac index (I/min/m?) 2.4
PA saturation (%) 47

PVR (Wood units) 10.8

Data on first admission in February 2008. Cardiac output was obtained
by thermodilution method

RA, right atrium; PA, pulmonary artery; PCWP, pulmonary capillary
wedge pressure; PVR, pulmonary vascular resistance

2/13 329 5/20 irss 818

SMWD (m) 140 232 169 430 400
NYHA class i u i 1 1
RVSP (mmHg) 85 66 8 81 70
BNP (pg/ml) 537 759 470 387 341
CRP (mg/dl)  2.08 238 191 341 340

Fig. 1. Clinical course of the patient before tocilizumab treatment.
6MWD, 6-min walking distance; NYHA, New York Heart Association;
RVSP, right ventricular systolic pressure; BNP, brain natriuretic
peptide; CRP, C-reactive protein

admission, her blood pressure was 110/80 mmHg and heart
rate 96 beats/min, and her arterial blood gas on room air
revealed a PaO, 65.5 mmHg/PaCO, 26.6 mmHg. Chest
radiography revealed pulmonary congestion and cardio-
megaly, and an electrocardiogram showed right atrial
enlargement and right ventricular hypertrophy. Brain natri-
uretic peptide (BNP) was 537 pg/ml, serum uric acid (UA)
6.5 mg/dl, and CRP 2.09 mg/dl. Six-minute walking distance
(6MWD) was 140 m at that time (Fig. 1). The results from
right heart catheterization are summarized in Table 1. Right
heart catheterization revealed severe PAH without left-to-
right shunt. In addition, chest computed tomography and
lung perfusion scintigraphy revealed no evidence of pulmo-
nary thromboembolism. Serological examination was
negative for connective tissue disease. Therefore, she was
clinically diagnosed with PAH, and beraprost sodium
(60 pg/day) and bosentan (125 mg/day) were initiated in
March 2008. After 2-3 weeks of treatment, her 6MWD
improved to 232 m (NYHA class IT),and she was discharged
2 months later.

After leaving the hospital, she continued receiving
regular outpatient treatment in our institute, but her body
weight gradually increased and she developed severe right
heart failure. She was rehospitalized 1 month later, present-
ing with worsening shortness of breath (NYHA class III)
associated with a lower 6MWD of 169 m. Bosentan and

Before 1 month 3 months 6 months
6MWD (min) 400 495 N/A 480
NYHA class 11 11 1 1
RVSP (mmHg) 70 69 70 74
BNP (pg/ml) 341 122 202 244
UA (mg/dl) 8.1 6.7 6.6 6.4
CRP (mg/dl) 34 0.3 0.22 0.13
IL-6 (pg/dl) 15.2 406 464 346
RVDd (mm) 55 N/A 52 N/A
LVEF (%) 76 79 59 75

The 6MWD test was performed according to modified American Tho-
racic Society standards’

6MWD, 6-min walking distance; NYHA, New York Heart Association;
RVSP, right ventricular systolic pressure; BNP, brain natriuretic peptide;
UA, uric acid; CRP, C-reactive protein; IL-6, interleukin-6; RVDd, right
ventricular diastolic diameter; LVEF, left ventricular ejection fraction;
N/A, not available

beraprost sodium were increased to 187.5 mg/day and
120 pg/day, respectively, and sildenafil (60 mg/day) was
added as adjunctive therapy. After 2 months of treatment,
her 6MWD significantly improved to 430 m with NYHA
class II, and she was discharged in July 2008 (Fig. 1).

Despite these treatments, she complained shortness of
breath (NYHA class II dyspnea) and could not return to
her previous work. Since she wished to return to work, she
was rehospitalized 1 month later for tocilizumab treatment,
as she strongly denied continuous intravenous epoprostenol
therapy. Before starting tocilizumab therapy, her 6MWD
was 400 m, RVSP 70 mmHg, BNP 341 pg/ml, UA 8.1 mg/dl,
and CRP 3.4 mg/dl (Table 2). Serum IL-6 concentration was
15.2 pg/ml. She was started on 8 mg/kg tocilizumab once
every 2 weeks, and after 1 month of hospitalization 6MWD,
BNP, UA, and CRP were improved to 495 m, 122 pg/ml,
6.7 mg/dl, and 0.3 mg/dl, respectively. After leaving the hos-
pital, she continued tocilizumab therapy once every 2 weeks
as an outpatient. After 3 months of tocilizumab treatment,
dyspnea improved (NYHA class I), and she was able to
return to her previous work. After 6 months of treatment,
6MWD was 480 m without dyspnea, and BNP and UA were
244 pg/ml and 6.4 mg/dl, respectively (Table 2). Her general
condition was sufficient for her to participate in all her
activities of daily living, and she exhibited no adverse side
effects while on tocilizumab.

The activity of Castleman’s disease was well controlled
by 12.5 mg/day prednisolone in 2007. The patient’s chest
computed tomography revealed swelling of axilla lymph
node (12 mm in diameter); however, there was no uptake
in the lymph node by gallium scintigraphy. Therefore, tocili-
zumab therapy was considered as a therapeutic option for
PAH. During the treatment, there was no evidence of side
effects or recurrence of Castleman’s disease.

Discussion

Castleman’s disease is linked to excessive immune stimula-
tion by IL-6 or similar polypeptides, and has attracted atten-
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tion because of its association with HIV and human herpes
virus 8 (HHV-8) infections, both of which are also reported
to play pathogenic role in PAH. The HHV-8 genome
encodes a particularly potent viral IL-6 analogue and is
associated with PAH in the setting of HIV/AIDS, Castle-
man’s disease, and POEMS syndrome (Polyneuropathy,
Organomegaly, Endocrinopathy, Monoclonal gammopathy,
Skin changes)." Steroids have frequently been used as sys-
temic treatment for Castleman’s disease, with a response
rate of 60%—70%, including 15%-20% complete response.’
Recently, an additional benefit of treatment with neutral-
izing antibodies to IL-6 receptor has been reported in
Castleman’s disease, demonstrating clinical efficacy and
symptom resolution.>>"

It is reported that the proinflammatory cytokine IL-6 is
increased in the serum and lung from patients with idio-
pathic PAH." Interleukin-6 is known to promote pulmo-
nary vascular remodeling, and may play an important
pathogenic role in the development and progression of pul-
monary hypertension.' Furthermore, IL-10, a multifunc-
tional anti-inflammatory cytokine, is reported to prevent
monocrotaline-induced rat PAH as a result of its vascular
protective property.”

We examined serum IL-6 levels during 6 months of tocili-
zumab treatment in this patient. Serum IL-6 concentration
increased to 490 pg/ml by day 6, and was maintained during
the follow-up period (Table 2). However, CRP levels
decreased and normalized throughout the follow-up period.
These findings suggest that tocilizumab effectively inhibits
IL-6 signaling and the production of CRP**

Although RVSP did not decrease during the follow-up
period, 6MWD and NYHA functional class markedly
improved on tocilizumab treatment. Moreover, serum UA
concentration decreased to a normal level while on tocili-
zumab. Uric acid, the final product of purine degradation,
has been shown to increase in hypoxic patients such as those
with chronic heart failure, cyanotic congenital heart disease,
and obstructive pulmonary disease. Serum UA levels
increase in proportion to the clinical severity of pulmonary
hypertension, and exhibit a strong, independent association
with long-term mortality of patients with primary pulmo-
nary hypertension.” The BNP level decreased after 1 month
of tocilizumab treatment, although it had never been below
150 pg/ml even after 1-2 months of hospitalization before
this treatment. Thereafter, the patient returned to her previ-
ous work, and BNP level improved on tocilizumab therapy
and did not worsen during activities of daily living, as
observed previously. Although RVSP did not decrease
during the follow-up period, we speculate that earlier treat-
ment with tocilizumab may have had an even more pro-
found effect on remodeling on the pulmonary vascular bed.

There are some reports of successful therapy with tocili-
zumab in patients with Castleman’s disease, though its effi-
cacy in patients with PAH remains unknown. This is the first
reported case of use of tocilizumab in addition to steroids
and conventional PAH therapy in a patient with PAH asso-
ciated with Castleman’s disease. Our findings suggest that
tocilizumab might be useful for the treatment of PAH asso-
ciated with Castleman’s disease.

- 396 -

References

10.

11.

12,

14.

15.

16.

17.

. Herrada J, Cabanillas F, Rice L, Manning J, Pugh W (1998) The

clinical behavior of localized and multicentric Castleman disease.
Ann [ntern Med 128:657-662

. Peterson BA, Frizzera G (1993) Multicentric Castleman’s disease.

Semin Oncol 20:636-647

. Yoshizaki K, Matsuda T, Nishimoto N, Kuritani T, Tacho L,

Aozasa K, Nakahata T, Kawai H, Tagoh H, Komori T, Kishimoto S,
Hirano T, Kishimoto T (1989) Pathogenic significance of inter-
leukin-6 (IL-6/BSF-2) in Castleman’s disease. Blood 74:1360-
1367

. Oka H, Ikeda S, Koga S, Miyahara Y, Kohno S (2008) Atorvastatin

induces associated reductions in platelet P-selectin, oxidized low-
density lipoprotein, and interleukin-6 in patients with coronary
artery diseases Heart Vessels 23:249-256

. Nishimoto N, Kanakura Y, Aozasa K, Johkoh T, Nakamura

M, Nakano S, Nakano N, lkeda Y, Sasaki T, Nishioka K,
Hara M, Taguchi H, Kimura Y, Kato Y, Asacku M, Kumagai
S, Kodama F, Nakahara H, Hagihara K, Yoshizaki K,
Kishimoto T (2005) Humanized anti-interleukin-6 receptor anti-
body treatment of multicentric Castleman disease. Blood 106:
2627-2632

. Nishimoto N, Nakahara H, Yoshio-Hoshino N, Mima T (2008)

Successful treatment of a patient with Takayasu arteritis using a
humanized anti-interleukin-6 receptor antibody. Arthritis Rheum
58:1197-1200

. Nishimoto N, Yoshizaki K, Miyasaka N, Yamamoto K, Kawai S,

Takeuchi T, Hashimoto J, Azuma J, Kishimoto T (2004) Treatment
of rheumatoid arthritis with humanized anti-interleukin-6 receptor
antibody: a multicenter, double-blind, placebo-controlled trial.
Arthritis Rheum 50:1761-1769

. Xiaohui L, Junbao D, Hongfang J, Bin G, Chaoshu T (2008) Sodium

hydrosulfide alleviates pulmonary artery collagen remodeling in
rats with high pulmonary blood flow. Heart Vessels 23:409-
419

. Simonneau G, Galie N, Rubin LJ, Langleben D, Seeger W,

Domenighetti G, Gibbs S, Lebrec D, Speich R, Beghettei M, Rich
S, Fishman A (2004) Clinical classification of pulmonary hyperten-
sion. J Am Coll Cardiol 43 suppl 12:58-12S

Bull TM, Cool CD, Seris AE, Rai PR, Parr J, Neid JM, Geraci MW,
Campbell TB, Voelkel NF, Badesch DB (2003) Primary pulmonary
hypertension, Castleman’s disease and human harpesvirus-8. Eur
Respir J 22:403-407

Montani D, Achouh L, Marcelin AG, Viard J-P, Hermine O,
Canioni D, Sitbon O, Simonneau G, Humbert M (2005) Revers-
ibility of pulmonary arterial hypertension in HIV/HHVS-
associated Castleman’s disease. Eur Respir J 26:969-972
American Thoracic Society (2002) ATS statement guidelines for
the six-minute walk test. Am J Respir Crit Care Med 166:
111-117

. Beck JT, Hsu SM, Wijdenes J, Bataille R, Klein B, Vesole D, Hayden

K, Jagannath S, Barlogie B (1994) Alleviation of systemic manifes-
tations of Castleman’s disease by monoclonal anti-interleukin-6
antibody. N Engl J Med 330:602-605

Nishimoto N, Sasai M, Shima Y, Nakagawa M, Matsumoto T, Shirai
T, Kishimoto T, Yoshizaki K (2000) Improvement in Castleman’s
disease by humanized anti-interleukin-6 antibody therapy. Blood
95:56-61

Humbert M, Monti G, Brenot F, Sitbon O, Portier A, Grangeot-
Keros L, Duroux P, Galanaud P, Simonneau G, Emilie D (1995)
Increased interleukin-1 and interleukin-6 serum concentration in
severe primary pulmonary hypertension. Am J Respir Crit Care
Med 151:1628-1631

Steiner MK, Syrkina OL, Kolliputi N, Mark EJ, Hales CA, Waxman
AB (2009) Interleukin-6 overexpression induced pulmonary
hypertension. Circ Res 104:236-244

Ito T, Okada T, Miyashita H, Nomoto T, Nonaka-Sarukawa M,
Uchibori R, Maeda Y, Urabe M, Mizukami H, Kume A, Takahashi
M, Ikeda U, Shimada K, Ozawa K (2007) Interleukin-10 expression
mediated by an adeno-associated virus vector prevents monocro-
taline-induced pulmonary arterial hypertension in rats. Circ Res
101:734-741



447

18. Nishimoto N, Terao K, Mima T, Nakahara H, Takagi N, Kakehi T 19, Nagaya N, Uematsu M, Satoh T, Kyotani S, Sakamaki F, Nkanishi

(2008) Mechanisms and pathologic significances in increase in
serum interleukin-6 (IL-6} and soluble 1L-6 receptor after admin-
istration of an anti-IL-6 receptor antibody, tocilizumab, in patients
with rheumatoid arthritis and Castleman disease. Blood 112:
3959-3964

- 397 -

N, Yamagishi M, Kunieda T, Miyatake K (1999) Serum uric acid
levels correlate with the severity and the mortality of primary
pulmonary hypertension. Am J Respir Crit Care Med 160:
487-492



Supplemental Material can be found at;
htip:fwww.jbc.org/content/suppl/2010/07/27/M110.118653.DC 1 .html

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 41, pp. 31774 -31782, October 8, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the USA.

BCR-ABL but Not JAK2 V617F Inhibits Erythropoiesis through

the Ras Signal by Inducing p2

1 CIP1/WAF 13

Received for publication, February 28, 2010, and in revised form, July 24, 2010 Published, JBC Papers in Press, July 27, 2010, DOI 10.1074/jbcM110.118653
Masahiro Tokunaga®, Sachiko Ezoe**', Hirokazu Tanaka*, Yusuke Satoh*, Kentaro Fukushima®, Keiko Matsui®,
Masaru Shibata*, Akira Tanimura®, Kenji Oritani*, Itaru Matsumura*3, and Yuzuru Kanakura*

From the *Department of Hematology and Oncology, Osaka University Graduate School of Medicine, 2-2 Yamada-oka,

Suita, Osaka 565-0871, the *Medical Center of Translational Research, Osaka University Hospital, Suita, Osaka 565-0871,
and the YDivision of Hematology, Department of Internal Medicine, Kinki University School of Medicine, Osaka-Sayama,

Osaka 589-8511, Japan

BCR-ABL is a causative tyrosine kinase (TK) of chronic my-
elogenous leukemia (CML). In CML patients, although myeloid
cells are remarkably proliferating, erythroid cells are rather
decreased and anemia is commeonly observed. This phenotype is
quite different from that observed in polycythemia vera (PV)
caused by JAK2 V617F, whereas both oncogenic TKs activate
common downstream molecules at the level of hematopoietic
stem cells (HSCs). To clarify this mechanism, we investigated
the effects of BCR-ABL and JAK2 V617F on erythropoiesis.
Enforced expression of BCR-ABL but not of JAK2 V617F in
murine LSK (Lineage™Sca-1MCD117M)} cells inhibited the
development of erythroid cells. Among several signaling mole-
cules downstream of BCR-ABL, an active mutant of N-Ras
(N-RasE12) but not of STAT5 or phosphatidylinositol 3-kinase
(PI3-K) inhibited erythropoiesis, while N-RasE12 enhanced the
development of myeloid cells. BCR-ABL activated Ras signal
more intensely than JAK2 V617F, and inhibition of Ras by
manumycin A, a farnesyltransferase inhibitor, ameliorated
erythroid colony formation of CML cells. As for the mechanisms
of Ras-induced suppression of erythropoiesis, we found that
GATA-1, an erythroid-specific transcription factor, blocked
Ras-mediated mitogenic signaling at the level of MEK through
the direct interaction. Furthermore, enforced expression of
N-RasE12 in LSK cells derived from p53-, p16™NK*2/p19ARE_
and p21©PYWAFL hyll/wild-type mice revealed that sup-
pressed erythroid cell growth by N-RasE12 was restored only
by p21C1PV/WAFL deficiency, indicating that a cyclin-depen-
dent kinase (CDK) inhibitor, p21€'P1/WAF! plays crucial roles
in Ras-induced suppression of erythropoiesis. These data
would, at least partly, explain why respective oncogenic TKs
cause different disease phenotypes.

Oncogenic tyrosine kinases (TKs)? such as BCR-ABL, FLT3-
ITD, and JAK2 V617F are known to confer growth and/or
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survival advantage on hematopoietic cells, thereby causing
hematologic malignancies (1-3). These gene alterations are
supposed to accur at the hematopoietic stem cell (HSC) level (3,
4). Although these oncogenic TKs activate common down-
stream pathways including Ras/Raf/MEK/ERK, PI3-K/Akt, and
STAT (1, 2, 5), their disease phenotypes are quite different:
BCR-ABL is a causative gene of chronic myelogenous leukemia
(CML) (1), FLT3-ITD of acute myeloid leukemia (AML) (2},
and JAK2 V617F of myeloproliferative neoplasms including
polycythemia vera (PV), essential thrombocythemia (ET) and
primary myelofibrosis (PMF) (3). In patients with chronic-
phase CML, anemia is a common feature in contrast to the
marked leukocytosis in the peripheral blood. Also, bone mar-
row (BM) examination shows that erythroid islands are re-
duced in number and size despite the increased cellularity due
to the granulocytic proliferation (6). This disease phenotype is
totally different from that of PV, in which JAK2 V617F causes
erythrocytosis together with the mild leukocytosis and throm-
bocytosis. Furthermore, in blast-phase CML, blast lineages are
generally myeloid or lymphoid, and erythroid crisis is a rare
incidence with a frequency no more than 5% (7, 8). These data
suggest that, in contrast to the trilinear promoting activities of
JAK2 V617F, BCR-ABL might not support the development of
erythroid cells.

BCR-ABL activates several downstream pathways including
Ras/Raf/MEK/ERK, STATS5, and PI3-K/Akt pathways (1, 4).
Among them, we have previously shown that Ras plays crucial
roles in the growth and survival of BCR-ABL-positive K562
cells, while STAT5 and PI3-K pathways contribute to their
growth and survival to the only limited extent (9). In addition,
although the role of STATS5 in BCR-ABL-mediated leukemo-
genesis remains controversial (10, 11), another group also
reported that transformation of murine BM cells by BCR-ABL
is blocked by dominant-negative Ras (12). Furthermore, Ras
signaling was shown to be indispensable for the pathogenesis of
CML in a murine BM transplantation model (13). Therefore,
the activated Ras is considered to be essential for the pathogen-
esis of CML, and is also speculated to principally determine the
disease phenotype of CML, that is, prominent proliferation of
myeloid cells accompanied by the suppressed erythropoiesis.

4-HT, 4-hydroxytamoxifen; Ab, antibody; HPRT, hypoxanthine phosphori-
bosyl transferase; pRb, retinoblastoma protein; PRAK, p38-regulated/acti-
vated protein kinase.
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Ras is constitutively activated by various oncogenic TKs or
mutations of Ras itself in various malignant tumors. Although
oncogenic (or constitutively activated) Ras was originally
shown to transmit mitogenic and survival signals through Raf/
MEK/ERK (14), recent studies have demonstrated that, like
other oncogenic stimuli, it also induces growth inhibition/ar-
rest in normal cells to prevent their malignant transformation.
In general, this biological phenomenon is called “cellular senes-
cence” and observed in various types of non-hematopoietic
cells (15, 16). In addition, excessive Ras signaling was reported
to inhibit erythropoiesis (17, 18), indicating the presence of a
similar cellular response in hematopoietic cells. So far, onco-
genic Ras has been shown to cause senescence through several
signaling pathways other than Raf/MEK/ERK (15, 19-21).
Also, several cell cycle regulatory molecules such as p53,
pl6™K4e p19ARF and p21<PY/WAFL have been shown to play
central roles in oncogene-induced senescence (15, 19, 21).

In this report, we found that BCR-ABL but not JAK2 V617F,
and among their downstream molecules, Ras but not STATS or
PI3-K suppress erythropoiesis from murine LSK cells. As for
this mechanism, we found that an erythroid-lineage specific
transcription factor, GATA-1, blocks Ras-dependent growth
and survival by inhibiting MEK1 activity through the direct
interaction. Furthermore, we showed that a cyclin-dependent
kinase (CDK) inhibitor, p21<""?/WAFL  plays crucial roles in
Ras-induced suppression of erythropoiesis using p21<'P1/WAF1.
deficient hematopoietic cells.

EXPERIMENTAL PROCEDURES

Cytokines and Reagents—Recombinant human thrombopoi-
etin (rhTPO) and recombinant murine interleukin-3 (rmIL-3)
were provided by Kyowa Hakko Kirin (Tokyo, Japan). Recom-
binant human erythropoietin (thEPO) and murine stem cell
factor (rmSCF) were purchased from R & D Systems (Minne-
apolis, MN). Manumycin A was purchased from Merck KGaA
(Darmstadt, Germany).

Plasmid Constructs and c¢cDNAs—Expression vectors for
GATA-1/ERT (G1ERT) and wild-type {(WT) GATA-1 were
described previously (22). Active forms of N-Ras (N-RasE12)
{(23) and STAT5A (1*6 STAT5A) (24), and membrane-targeted
PI3-K catalytic subunit (p11044X) (25) were subcloned into
pMYs-IRES-EGFD, a retrovirus expression vector, which was
kindly provided by Dr. T. Kitamura (University of Tokyo,
Tokyo, Japan). pMSCV-IRES-GFP-p210-BCR-ABL is a gener-
ous gift from Dr. C. . Eaves (Terry Fox Laboratory, Vancouver,
BC, Canada) (26). The cDNA of JAK2 V617F was kindly pro-
vided by Dr. K. Shimoda (University of Miyazaki, Miyazaki,
Japan) (27) and was subcloned into pMSCV-IRES-GFP.

Cell Lines and Cultures— A murine IL-3-dependent hemato-
poietic cell line, Ba/F3, was maintained in RPMI (nacalai tesque,
Kyoto, Japan) supplemented with 10% fetal bovine serum (FBS)
(Equitech-Bio, Kerrville, TX) and 0.3 ng/ml rmIL-3. NIH3T3
and 293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; nacalai tesque) supplemented with 10% FBS.

Preparation of Stable Transformants from Ba/F3—We intro-
duced G1ERT into Ba/F3 cells by electroporation (250 V and
950 microfarads) and selected stably transfected clones by the
culture with G-418 (1.0 mg/ml; Wako Pure Chemical Indus-
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tries, Osaka, Japan). We further introduced pMYs-IRES-EGFP-
N-RasE12 and obtained doubly transfected clones by sorting
GEFP-positive cells with BD FACSAria Cell-Sorting System (BD
Biosciences, San Jose, CA). Their IL-3-independent growth and
cell cycle were analyzed with or without the activation of
GATA-1 by 4-hydroxytamoxifen (4-HT; Sigma-Aldrich). DNA
contents of the cells were evaluated by staining with propidium
iodide.

Luciferase Assays—Luciferase assays were performed with a
Dual-Luciferase Reporter Assay System (Promega, Madison,
WTI) as previously described (22). As for assays using Ba/F3 cells,
transfection was performed with Amaxa Nucleofector technol-
ogy (Lonza, Cologne, Germany), followed by the measurement
of luciferase activities after 24 h.

Immunoblotting and Coimmunoprecipitation Analyses—Prep-
aration of cell lysates, immunoprecipitation, gel electrophore-
sis, and immunoblotting were performed according to the
methods described previously (22, 28). Antibodies (Abs) and
reagents were supplied by the manufacturers described in
supplemental methods.

Glutathione S-transferase (GST) Pull-down Assays—GST
pull-down assays were performed as previously reported (22).

Animals—The congenic C57BL/6] mice were purchased
from Clea Japan, Inc. (Tokyo, Japan). B6.129-Cdkn2at™!Rd?
(p16™*2/p19*RF.nyll) mice and p53-null mice were kindly
provided by Technology Transfer Center National Cancer
Institute (Rockville, MD) and Dr. N. Nishimoto (Wakayama
Medical University, Wakayama, Japan), respectively. B6.12952-
Cdknla®™T/] (p21CIPY/WAFL qy1]) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME). The experimental
designs of this study were approved by the Institutional Animal
Care and Use Committee at Osaka University Graduate School
of Medicine.

Separation of Murine Hematopoietic Progenitors—Murine
BM cells were flushed from both femora and tibiae, and pro-
genitors were concentrated by anti-mouse CD117 MicroBeads
and autoMACS Pro Separator (Miltenyi Biotec, Bergisch Glad-
bach, Germany). To isolate LSK (Lineage™ Sca-1"CD117™)
cells, selected progenitors were stained with phycoerythrin-
conjugated (PE-conjugated) monoclonal Abs against murine
lineage markers (CD3e (145-2C11), CD45R/B220 (RA3-6B2),
Gr-1 (RB6—-8C5), CD11b (M1/70), and TER-119 (TER-119)),
fluorescein isothiocyanate-conjugated (FITC-conjugated) anti-
Sca-1 Ab (E13-161.7), and allophycocyanin-conjugated (APC-
conjugated) anti-CD117 Ab (2B8), and isolated by FACSAria.
All Abs were purchased from BD Biosciences.

Preparation of Retrovirus Particles—Preparation of retrovi-
rus particles was performed as described previously (29) (see
supplemental methods).

Retrovirus Transfection into Murine BM Progenitors—Iso-
lated LSK cells were precultured overnight in DMEM supple-
mented with 10% FBS, rmSCF (100 ng/ml), and rhTPO (100
ng/ml). Then, the cells were seeded on 24-well tissue plates
coated with RetroNectin (TaKaRa Bio Inc., Shiga, Japan),
infected with each viral supernatant by spinoculation, and cul-
tured in the same medium containing 10% FBS, protamine sul-
fate (10 pg/ml; Sigma-Aldrich), rmSCF (50 ng/ml), and rhTPO
(50 ng/ml). After 48 h of culture, retrovirus-transduced GFP™*
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cells were sorted with FACSAria and were subjected to colony
assays or stromal coculture.

Colony Assays—Cells were plated at the indicated density in
methylcellulose medium (MethoCult; Stem Cell Technologies,
Vancouver, BC, Canada) supplemented with the indicated
growth factors. Cells were incubated with 5% CO, at 37 °C, and
the numbers of colonies were counted after the indicated days.

Stromal Coculture—A murine BM stromal cell line, MS-5,
was cultured in minimum essential medium (MEM) o (Invitro-
gen, Carlsbad, CA) with 10% FBS and prepared in 24-well tissue
plates 1 day before the seeding. The sorted GFP™ progenitors
were seeded (1.5 X 10 cells/well) on the monolayer of MS-5
and cocultured in 2 ml of MEMa supplemented with 10% FBS,
rmSCF (50 ng/ml), and rhEPO (3 units/ml). Five days after the
initiation of coculture, hematopoietic cells were harvested and
stained with PE-conjugated anti-CD45 (30-F11) Ab, and APC-
conjugated anti-CD11b (M1/70) or anti-TER-119 (TER-119)
Ab (all of them from BD Biosciences). To evaluate the phos-
phorylation status of ERK1/2, we used BD Phosflow technology
(BD Biosciences). The harvested cells were further incubated in
DMEM containing 2% FBS without cytokines for 4 h, then
fixed, permeabilized, and stained with Alexa Fluor®647-conju-
gated anti-ERK1/2 (pT202/pY204) Ab (BD Biosciences)
according to the manufacturer’s recommendation.

Flow Cytometric Analyses—Flow cytometric analyses were
performed using BD FACSCanto II (BD Biosciences). The data
analyses were done with BD FACSDiva software (BD Bio-
sciences) or FlowJo software (TreeStar, Ashland, OR).

Immunofluorescence Microscopy—5 X 10* of the transduced
cells were cytospun onto microscope slides, fixed in 2%
paraformaldehyde, and permeabilized in 1% Nonidet P-40 in
PBS. After the incubation in blocking buffer (1 mg/ml of
~-globulin in PBS), the slides were incubated with a monoclonal
Ab against p16™¥** (F-12) or p19*FF (5-C3-1) (both from
Santa Cruz Biotechnology, Santa Cruz, CA). The slides were
then incubated with an Alexa Fluor®546-conjugated secondary
antibody (goat anti-mouse IgG for p16™***, or goat anti-rat
IgG for p19”*F), followed by the staining of nuclei with Hoechst
33342 (all from Invitrogen). The slides were mounted in Flu-
oromount (Diagnostic BioSystems, Pleasanton, CA) before
viewing on a LSM 5 PASCAL microscope (Carl Zeiss,
Oberkochen, Germany).

Semiquantitative RT-PCR—Total RNA was isolated from
5 X 10 of the transduced cells using RNeasy Mini Kit (Qiagen,
Hilden, Germany) and converted to cDNA by SuperScript III
First Strand Synthesis System (Invitrogen). PCR was performed
using Ampli Taq Gold (Applied Biosystems, Carlsbad, CA) with
primers described in supplemental Table S1.

Real-time RT-PCR-—Quantitative real-time RT-PCR was
performed using FastStart Universal SYBR Green Master
{Roche Diagnostics GmbH, Mannheim, Germany) and PRISM
7900HT (Applied Biosystems). Amplified signals were normal-
ized to the levels of hypoxanthine phosphoribosyl transferase
(HPRT). The primer sequences are described in supplemen-
tal Table S1.

BM Samples from CML Patients—BM samples were
obtained from three patients with newly diagnosed chronic-
phase CML. CD34" cells were separated using the MACS

31776 JOURNAL OF BIOLOGICAL CHEMISTRY

immunomagnetic separation system, and were subjected to
colony assays. All BM samples were obtained after receiving
written informed consent in accordance with the Declaration
of Helsinki, and this study protocol was approved by the insti-
tutional review board of Osaka University Hospital.

Statistical Methods—Statistical analyses were carried out by
standard Student ¢ tests. Error bars used throughout indicate
S.D.

RESULTS

BCR-ABL but Not JAK2 V617F Inhibits the Development of
Erythroid Cells—To examine the effects of BCR-ABL on eryth-
ropoiesis, we first introduced p210-BCR-ABL into murine LSK
cells using the retrovirus vector harboring GFP as a reporter
gene. After 48 h, GFP™ cells were sorted and cocultured with a
murine BM stromal cell line, MS-5, in the presence of rmSCF
and rhEPO for 5 days. As compared with mock-transduced
cells, the proportion of CD45'°¥TER-119™ erythroid cells was
reduced in BCR-ABL-transduced cells significantly (Fig. 1A).
We also examined the effects of JAK2 V617F on erythropoiesis
with the same strategy and found that JAK2 V617F did not
reduce the proportion of erythoroid cells. In colony assays,
BCR-ABL significantly decreased the number of burst-forming
units-erythroid (BFU-E), while it increased the number of mye-
loid colonies (Fig. 1B). On the other hand, JAK2 V617F did not
reduce the number of BFU-E. These data indicate that BCR-
ABL but not JAK2 V617F inhibits the development of erythroid
cells from murine hematopoietic progenitors.

Oncogenic Ras Inhibits Erythropoiesis Downstream of BCR-
ABL—BCR-ABL activates mainly Ras/Raf/MEK/ERK, JAK2/
STATS5, and PI3-K/Akt pathways. Next, to examine the roles of
these pathways in erythropoiesis, we transduced LSK cells with an
active form of each signal transduction molecule: N-RasE12 for an
active form of N-Ras, 1*6 STAT5A for STAT5, and p110<4** for
PI3-K. Compared with Mock, 1*6 STATSA and p110“A4%
increased total erythroid cell numbers by 2.8- and 1.9-fold,
respectively (both, p < 0.05), while the proportion of erythroid
cells was scarcely influenced by both molecules due to the
increase in total cell numbers (Fig. 2, A and B). In contrast,
N-RasE12 remarkably reduced not only the frequency (Fig. 24)
but also the number of erythroid cells (0.28-fold) (Fig. 2B),
while it significantly increased the number of CD11b™* -myeloid
cells (Fig. 2C). We also performed colony assays using
N-RasE12- or Mock-transduced LSK cells. As shown in Fig. 2D,
N-RasE12 significantly reduced the number of BFU-E (average
colony numbers from 1.0 X 10® cells input: Mock-transduced
cells, 9.7; N-Ras-transduced cells, 0.33) (p < 0.01).

BCR-ABL Activates Ras Signal More Intensely than JAK2
V617F—Next, we tried to clarify why JAK2 V617F did not sup-
press erythropoiesis, because it has been reported to activate
Ras as well as BCR-ABL (5). For this purpose, we introduced
JAK2 V617F and BCR-ABL into murine LSK cells, cocultured
them with MS-5, and evaluated the Ras activity by expediently
measuring the phosphorylation status of ERK1/2 after 4-h star-
vation of cytokines. As shown in Fig. 2E, ERK1/2 was more
intensely phosphorylated (activated) in cells transduced with
BCR-ABL than in those with JAK2 V617F. We also examined
the phosphorylation status of ERK1/2 in CML patients’ blood
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FIGURE 1. Effects of oncogenic TKs on proliferation of erythroid cells. A, after infection of retrovirus express-
ing Mock, BCR-ABL, or JAK2 V617F into murine LSK cells, GFP* cells were sorted and cocultured with MS-5 inthe
presence of rmSCF and rhEPQ. After 5-day cultures, expression of CD45 and TER-119 was analyzed by flow
cytometry (left panels). The proportions of CD45°“TER-119™ cells are shown in the right bar graph (n = 3).
B, respective retrovirus-transduced LSK cells were seeded at a density of 2.0 X 102 cells/35-mm dish in meth-
ylcellulose medium containing rmSCF, rmiL-3, rmlL-6, rhTPO, and rhEPO. Colony numbers were counted after
9 days. Representative colony numbers {feft) and myeloid/erythroid colony numbers {right, n = 3) are shown.
unit-granulocyte/macrophage/

BFU-E,  burst-forming
granulocyte-macrophage.

units-erythroid;  CFU-G/M/GM,  colony-forming

cells treated with manumycin A, a potent farnesyltransferase
inhibitor which selectively suppresses Ras, or vehicle only. As
shown in Fig. 2F, phosphorylation of ERK was reduced by Ras
inhibition, indicating that BCR-ABL activates ERK through the
activation of Ras. These data indicate that different growth sta-
tus of erythroid cells between these TKs might result from the
preferential activation of Ras signal by BCR-ABL.

Suppression of Ras Signal Ameliorates the Inhibition of Eryth-
ropoiesis Caused by BCR-ABL—Furthermore, to make sure that
suppressed erythropoiesis caused by BCR-ABL is due to the
activation of Ras signal, we examined the effects of Ras-inhibi-
tion on erythroid colony formation of BCR-ABL expressing
cells. CD34™ cells were separated from BM samples of three
patients with newly diagnosed chronic-phase CML. They were
then cultured in methylcellulose medium containing rhSCF,
rhlL-3, and rhEPO, with or without manumycin A, Complete
blockage of Ras signal by supplement of sufficient dose (10 um)
of manumycin A eradicated erythroid colony formation (data
not shown). However, as shown in Fig. 2G, the number of eryth-
roid colonies was restored by low doses of manumycin A in all
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three patients, though there was
some difference in degree. This
result, actually in primary CML
cells, supports our model that,
although Ras is indispensable for
erythroid cell survival, excessive
Ras signal downstream of BCR-
ABL rather inhibits erythroid cell
proliferation.

GATA-1 Inhibits Ras-dependent
Cell Proliferation and Survival—As
described above, oncogenic Ras sig-
naling promoted the proliferation of
myeloid cells, but inhibited that of
erythroid cells. To elucidate the
mechanisms underlying the differ-
ent responses to oncogenic Ras
between the two lineages, we exam-
ined the effects of GATA-1, which is
expressed in erythroid cells but not
in myeloid cells, on Ras signal. For
this purpose, we transduced N-
RasE12 and G1ERT, a chimera gene
consisting of full-length GATA-1
and the mutated ligand-binding
domain of estrogen receptor, into
Ba/F3 cells, which was named
Ba/F3/N-RasE12/G1ERT. GIERT
reveals GATA-1activity in response
to 4-HT as previously reported (22).
As shown in Fig. 34, N-RasEl12
enabled this clone to proliferate and
survive independently of IL-3. How-
ever, when GATA-1 activity was
induced by 4-HT treatment, N-
RasE12-dependent cell growth was
completely suppressed (Fig. 34). In
agreement with this result, the pro-
portion of growing cells in S-G2/M phase was reduced by 4-HT
treatment from 36% to 8% in DNA contents analysis (Fig. 3B).
Furthermore, 4-HT treatment induced apoptosis in 78% of
cells, which was detected as a subdiploid fraction. From these
results, we speculated that GATA-1 might inhibit oncogenic
Ras activities, which transmit proliferation and survival signals.

GATA-1 Suppresses MEK Activity—Ras signal is known to be
transmitted to the nucleus through Raf, MEK, and ERK in this
order. To identify which molecule was inhibited by GATA-1in
this pathway, we performed luciferase assays using a reporter
gene for ERK (3 X AP-1-Luc) in NIH3T3 and Ba/F3 cells. As
shown in Fig. 4, A and B, GATA-1 significantly reduced the
N-Ras- and MEK1-induced AP-1-luciferase activities almost to
the baseline levels (white boxes), which indicates that GATA-1
inhibits Ras signal at the level or downstream of MEK. Next, we
examined the phosphorylation status of MEK1/2 and ERK1/2
in Ba/F3/N-RasE12/G1ERT cells by immunoblot analysis. As
shown in Fig. 4C, both MEK1/2 and ERK1/2 were phosphory-
lated by N-RasE12 even under the culture without IL-3, which
was suppressed by 4-HT in a time-dependent manner. This
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FIGURE 2. Roles of downstream molecules of oncogenic TKs in erythropoiesis. A-C, LSK cells each trans-
fected with the indicated gene were cocultured with MS-5 in the medium containing rmSCF and rhEPO. After
5 days, expression of CD45 and TER-119 was analyzed by flow cytometry (A, left panels) and the proportions of
CD45"TER-119™ cells are shown (A, right bar graph, n = 3). Numbers of the TER-119* cells were calculated by
multiplication of the frequencies and total cell numbers. Relative numbers to Mock are shown (B). Relative
CD11b™ myeloid cell numbers are shown (0). D, retrovirus-infected LSK cells were seeded at a density of 5.0 X
10? cells/dish in methylcellulose medium containing rmSCF, rmiL-3, and rhEPO. The numbers of BFU-E were
counted after 8 days (n = 3). £, LSK cells, each transfected with Mock, BCR-ABL, or JAK2 V617F, were further
incubated without cytokines after the coculture with MS-5, and the phosphorylation status of ERK1/2 was
analyzed using Phosflow technology. F, after 5-h incubation of CML patients blood mononuclear cells with
manumycin A (7 um) or vehicle, the phosphorylation status of ERK1/2 was analyzed. G, CD34™ cells were
separated from BM samples of three CML patients, and seeded in methylcellulose medium containing rhSCF,
rhiL-3, and rhEPO, with manumycin A at the indicated concentrations or vehicle. The numbers of BFU-E were

counted after 9 days, and shown as relative numbers to vehicle in each patient.

result implies that GATA-1 suppresses Ras signal at the level or
upstream of MEK. Together with the results from luciferase
assays, it was speculated that GATA-1 would inhibit MEK
activity.

GATA-1 Blocks the Ras Signal through Its Direct Interaction
with MEK1—To clarify how GATA-1 inhibits MEK activities,
we examined the interaction between GATA-1 and MEK1.
First, we transfected 293T cells with hemagglutinin-tagged
(HA-tagged) GATA-1 and/or Flag-tagged MEKI. Total cellular
lysates were prepared after 36 h, and GATA-1 was immunopre-

31778 JOURNAL OF BIOLOGICAL CHEMISTRY

lyzed the binding between GST-
MEK1 and in vitro-translated
GATA-1. As shown in Fig. 4F, GST-
MEK1 but not GST alone, bound to
355.labeled GATA-1 in vitro.

Together with the results of Fig.
4, A—C, we proved the following two
facts: GATA-1 inhibits MEK activa-
tion; GATA-1 and MEK interact
with each other in primary eryth-
roid progenitors. From these facts,
we speculated that GATA-1 blocks
Ras signal at least partly through the
direct interaction with MEK1.

Oncogenic Ras Induces Suppression of Erythropoiesis through
the Induction of p21°"P1/WAF!_In addition to the functions to
deliver mitogenic and anti-apoptotic signals (14), Ras paradox-
ically causes growth arrest (senescence) in normal cells through
several cell cycle regulatory molecules such as p53, p16™*?,
pl19AFF, and p21CPIWAFL (15 31). Among them, p53 is a
tumor-suppressor and acts as a pivotal regulator of these
responses (15, 16, 19, 21). p19%F is a splicing variant of
p16™¥* and inhibits the function of H/MDM2, which pro-
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motes degradation of p53 (30). p16"™¥*** is a member of the
INK4 family of CDK inhibitors, which causes cell cycle arrest at
G1 phase by inhibiting CDK4/6 activities (30). Meanwhile,
p21CIP/WAEL j5 3 member of the Cip/Kip family of CDK inhib-
itors and also induces G1 arrest by inhibiting CDK2 activities.
In this report, we next examined their roles in N-RasE12-in-
duced suppression of erythropoiesis.

At first, we examined the effects of N-RasE12 on the expres-
sion of p16™N&42 p19ARE and p21CIPY/WAFL by semiquantita-
tive/real-time RT-PCR analyses or immunofluorescence. As
shown in Fig. 54 and B, the expression of p16"™N¥%2 and p19ARF
was induced in N-RasE12-transduced LSK cells both in mRNA
and protein levels. Also, the expression of p21 <PV WAFL yaq
increased by nearly 2-fold in N-RasE12-transduced LSK cells
compared with mock-transduced LSK cells (Fig. 5C), sug-
gesting that the up-regulated pl6'™***, p194RF and/or
p21€IPY/WAFL mioht be involved in N-RasE12-induced sup-
pression of erythropoiesis.

To further analyze the roles of these molecules, we next
introduced N-RasE12 into LSK cells isolated from p16™*42/
pl194%F double knock-out (KO) mice, cocultured them with
MS-5, and examined the development of erythroid cells by flow
cytometry. As shown in Fig, 64, the frequency of CD45"°* TER-
119* erythroid cells was a little lower in N-RasE12-transduced
double KO cells than in N-RasE12-transduced WT cells (WT
1.8% versus double KO 0.8%) (upper panels). In addition,
although the number of these erythroid cells was slightly
restored in N-RasE12-transduced double KO cells compared
with N-RasE12-transduced WT cells (lower graph), this differ-
ence was not significant.

We also introduced N-RasE12 into LSK cells isolated from
p21C PV WARL hull mice. As observed in the other experiments,
N-RasE12 reduced the proportion of CD45'°*TER-119* eryth-
roid cells both in WT and p21"FP1/WAFL_nhy]] LSK cells (Fig. 6B,
upper panels). However, p21“'"FV"WAF! deficiency partially, but
significantly, restored the proportion of this fraction from 3.0 to
5.2%. In addition, surprisingly, N-RasE12 increased the number
of erythroid cells in p21“PYWAFLnyll LSK cells compared with
mock-transduced LSK cells (Fig. 6C, lower graph), indicating
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FIGURE 3. inhibition of Ras-dependent cell proliferation and survival by GATA-1. A, Ba/F3/N-RasE12/
G1ERT cells were seeded at a density of 100/l and cultured in RPMI supplemented with 1% FBS without IL-3 in
the presence or absence of 1 uM 4-HT. Total numbers of viable cells were counted by trypan blue dye exclusion
method on the indicated days. The results are shown as means * S.D. of triplicate cultures. B, after 48 h of
culture, DNA contents of 4-HT-treated or untreated cells were examined by propidium iodide staining. The
proportions of cells in 5-G2/M phase and subdiploid fraction are shown, respectively.

mock-transduced LSK cells were
reduced by p53 deficiency. In addi-
tion, p53 deficiency did not cancel
the inhibition of erythroid cell
development by N-RasEl2. To-
gether, these results indicate that
N-RasE12 inhibits erythropoiesis
through p21“"PVWAF in 3 p53-independent manner.

DISCUSSION

We here found that BCR-ABL suppresses erythroid cell pro-
liferation. This finding is largely consistent with clinical fea-
tures of CML, in which anemia is commonly observed and
erythroid blast crisis is a rare event. Also, we found that consti-
tutively activated Ras, but not P13-K or STATS5, inhibits eryth-
ropoiesis and that a farnesyltransferase inhibitor, manumycin
A, restores erythroid colony formation of CML patients BM
cells at relatively low concentrations. These results strongly
indicate that Ras is a negative regulator of erythropoiesis down-
stream of BCR-ABL. So far, functions of Ras in normal eryth-
ropoiesis are controversial. It was reported that Ras signaling
was essential for development of erythroid progenitors (34, 35).
In contrast, H-Ras™/~, N-Ras™’~, and double KO (H-Ras™/~
N-Ras™/”) mice had no apparent hematopoietic abnormality,
indicating that Ras is dispensable for normal erythropoiesis (36,
37). Regarding the roles of oncogenic Ras in erythropoiesis, it
was shown that oncogenic H-Ras blocks terminal erythroid dif-
ferentiation (38), and that enforced expression of an active
mutant of N-Ras in primitive hematopoietic cells inhibits pro-
liferation of erythroid cells (17, 18). Our results indicate that the
excessive Ras signal would inhibit erythropoiesis, though Ras
signal might be to some extent necessary for erythroid cell sur-
vival. Ras is mutated in a significant proportion of cases with
acute myeloid leukemia and myelodysplastic syndromes (39),
or constitutively activated by various oncogenic TKs, including
FLT3-1TD (2), c-KIT D816V (40), and TEL-PDGFRB (41). So,
anemia observed in these hematologic malignancies also might
be, at least partly, attributed to the constitutively activated Ras
signal. However, in this study, JAK2 V617F slightly enhanced
erythropoiesis as observed in patients with PV, whereas its
downstream pathways including Ras, PI3-K, and STAT5 are
common to BCR-ABL (1, 5). As for this difference, we here
found that JAK2 V617F does not activate Ras signal so strongly
as BCR-ABL. Also, it was speculated that JAK2 V617F would
utilize mainly STAT5 to promote erythropoiesis in PV patients.
Although Ras has some isoforms, we focused on N-Ras,
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FIGURE 4. GATA-1 blocks the Ras/Raf/MEK/ERK pathway through its direct
interaction with MEK1. A, NIH3T3 cells (2 X 10° cells seeded in 60-mm dish)
were transfected with the indicated expression vectors and the reporter gene
(3 X AP-1-Luc) together with pRL-CMV. After 12 h, the cells were serum-deprived
for 24 h, then lysed, and subjected to the measurement of the firefly and Renilla
luciferase activities. The relative firefly luciferase activities normalized by the
Renilla luciferase activities are shown as means * S.D. of three separate experi-
ments. B, Ba/F3 cells (2 X 10° cells) were transfected with the same vectors as Fig.
4A using Amaxa Nucleofector technology. After 24 h of culture, the cells were
lysed and subjected to the measurement of the luciferase activities. C, Ba/F3/N-
RasE12/G1ERT cells cultured in RPMI supplemented with 1% FBS were treated
with 1 um 4-HT or vehicle. Total cellular lysates were prepared at the indicated
time and subjected to immunoblotting with the indicated Abs. The filters were
reprobed with corresponding Abs to confirm that the equal amounts of the pro-
teins were loaded. D, coimmunoprecipitation analyses were performed using
293T cells transfected with HA-tagged GATA-1 and/or Flag-tagged MEK1 as indi-
cated. IP,immunoprecipitation; I8, immunoblotting; o, anti. £, total cellular lysate
was prepared from murine BM CD717 cells. Immunoprecipitation and immuno-
blot analyses were performed with the indicated antibodies. F. The in vitro bind-
ing between GATA-1 and MEK1 was examined by GST pull-down assays. **S-
labeled GATA-1 was incubated with GST-MEK1 bound to glutathione-Sepharose
beads, and the binding complex was separated by gel electrophoresis and sub-
jected to autoradiography.

because, in myeloid malignancies, N-Ras mutations are more
frequent than K-Ras, whereas H-Ras mutations are rare (39,
42-44). 1t is predictable that activated N-Ras has stronger leu-
kemogenic potential than activated H-Ras or K-Ras.

In contrast to the negative role of oncogenic Ras in erythro-
poiesis, Ras activation prominently enhanced the development
of myeloid cells from LSK cells as observed in CML patients. To
clarify the mechanism through which the active form of Ras
plays different roles in the growth of hematopoietic cells
according to the cell lineages (i.e. inhibition of erythropoiesis
but promotion of myelopoiesis), we examined the role of
GATA-1, which is a transcription factor mainly expressed in
erythroid and megakaryocytic cells but not in myeloid cells.
Ras-induced suppression of erythropoiesis can be considered to
result from inhibition of proliferation of already committed
erythroid progenitors, and blockage of commitment into eryth-
roid lineage from HSCs. In this study, we found that GATA-1
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FIGURE 5. Increase in expression levels of p16'™%%2, p19A*¥, and p21<'F1/WAF
by oncogenic Ras. A-C, LSK cells transfected with Mock or N-RasE12 were cul-
tured with rmSCF, rmiL-3, and rhEPO for 2 days. Total RNA was isolated from
GFP* cells, and the expression levels of p16™*** and p19"*F were analxzed by
semiquantitative RT-PCR (A). Immunofluorescence staining of p16™“® and
p19°% localizations (red) in Hoechst 33342-stained nuclei of GFP* cells are
shown (magnification, 630 X) (B). The expression levels of p21<"'"AF! were ana-
lyzed by real-time RT-PCR. The results are normalized to the levels of HPRT gene
and shown as means = S.D.(n = 3) (0.

inhibits MEK activity and suppresses the Ras-dependent prolifer-
ation of GATA-1-posistive cells. GATA-1 is necessary in the post-
commitment stages of erythroid and megakaryocytic develop-
ment, and is highly expressed after the commitment into
megakaryocyte-erythrocyte progenitors (MEPs), but is scarcely
expressed in HSCs (45). So, it is unlike that the interaction between
GATA-1 and MEK]1 is associated with the lineage determination
of HSCs. On the other hand, recent reports showed that suppres-
sion of erythroid cell development by H-, K-, and N-Ras occurs at
later stages of differentiation (18, 38, 46). These data are consistent
with our result that GATA-1 interacts with MEK]1, thereby inhib-
iting Ras-mediated mitogenic signals.

However, this result raises a question where these molecules
interact together in the cells because GATA-1 is located in the
nucleus and MEK is in the cytoplasm (47). As an explanation it
was previously reported that MEK contains a nuclear export
signal in its N-terminal domain, indicating that MEK is trans-
located to the nucleus upon mitogenic stimulation and then
goes back to the cytoplasm after transduction of its signal (48).
So, GATA-1 is supposed to interact with MEK1 in the nucleus,
thereby inhibiting its activity. This hypothesis that GATA-1
would inhibit MEK activities is also contradictory to the fact
that platelet counts are often elevated in CML patients, because
MEK has been shown to be important for the maturation
(polyploidization) of megakaryocytes, in which GATA-1 is
highly expressed as well as in erythroid cells. Regarding this
issue, Jacquel et al. reported that PMA-induced megakaryo-
cytic maturation is only partly dependent on the MEK/ERK
pathway and suggested the involvement of other pathways such
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FIGURE 6. p21<'P"/WAF1 but not p53 or p16'™%**/p19°fF mediates onco-
genic Ras-induced suppression of erythropoiesis. A-C, LSK cells were iso-
lated from BM of the indicated mice. After retrovirus infection, GFP* cells
were sorted and cocultured with MS-5 in the presence of rmSCF and rhEPO.
The expression of CD45 and TER-119 was analyzed after 5 days. Bar graphs
represent the relative TER-119™ cell numbers normalized to mock-trans-
duced WT cells (dashed lines). n.s., not significant.

as Jun N-terminal kinase (JNK) and protein kinase C (PKC) in
CML cells (49). Alternatively, it is also possible that the inter-
action between GATA-1 and MEK might be inhibited in
megakaryocytes due to the presence of some nuclear protein(s)
specific for this lineage. However, further studies are required
to clarify how megakaryocytes develop and platelets are effec-
tively produced in CML patients.

Among various signaling molecules downstream of Ras, the
Raf/MEK/ERK pathway mainly promotes cell growth and pre-
vents apoptosis of hematopoietic cells (14). On the other hand,
oncogenic stimuli including constitutively activated Ras, also
cause growth inhibition (senescence) that acts as a fail-safe
mechanism against malignant transformation (15, 16, 21).
Although the mechanism of Ras-induced senescence is not fully
understood, recent findings have unveiled several MEK/ERK-
independent pathways (19). These pathways regulate the func-
tion of two main tumor-suppressor molecules, p53 and retino-
blastoma protein (pRb) (50). Downstream of oncogenic Ras,
p38-regulated/activated protein kinase (PRAK), a substrate
of p38 mitogen-activated protein kinase (p38 MAPK), activates
p53 by direct phosphorylation (20). Ras/Raf stabilizes p53 inde-
pendently of MEK through the up-regulation of p19*%F (21).
The PI3-K pathway also stabilizes p53 through the inhibition of

OCTOBER 8, 2010-VOLUME 285-NUMBER 41

proliferation/survival | l senescence/apoptosis —l

FIGURE 7. A proposed model for oncogenic Ras-induced suppression of
erythropoiesis. Oncogenic Ras simultaneously activates several downstream
molecules including Raf, PI3-K, and p38 MAPK. The Raf/MEK/ERK pathway mainly
transduces proliferation and survival signals, while the remaining pathways com-
monly induce growth arrest (senescence) through cell cycle regulatory mole-
cules such as p16™K*2, p19A%F, p21CPIWAR and p53, So, oncogenic Ras is sup-
posed to induce proliferation or senescence dependently on the balance
between these two signals. In this study, we found that GATA-1 inhibits mito-
genic signal from Ras through its interaction with MEK1 in erythroid cells, which
resulted in their growth inhibition due to the dominance of senescence-inducing
signals. In addition, we found that p21<"""/WA®! is 3 crucial regulator of oncogenic
Ras-induced senescence of erythroid cells.

H/MDM2 (19). So, we speculated that N-RasE12 might induce
growth arrest in erythroid cells even if MEK activities are
blocked by GATA-1.

Ras-induced senescence is executed by CDK inhibitors
such as p16'"™N**2 and p21<'P1/¥AF1 3nd a tumor-suppressor,
p194%F, which consequently activate both p53 and pRb
pathways. Among these molecules, we here found that
p21PV"¥AFL {5 3 major player of Ras-induced suppression of
erythropoiesis (may well be called nearly equal to senes-
cence). Although p21<""*/WAF! jg 3 transcriptional target of
p53 (51), p53 deficiency did not cancel Ras-induced suppres-
sion of erythropoiesis. So, p53-independent expression of
p21CIPY/WAFL yas supposed to be important for Ras-induced
suppression of erythropoiesis. Because Darley et al. (18)
previously showed that oncogenic N-Ras conferred develop-
mental abnormalities on human erythroid cells through the
activation of PKC, one of the reported activators of
p21CIPVWAFL (59) " PKC may be a candidate molecule
involved in Ras-induced expression of p21CPY/WAFL apq
consequent suppression of erythropoiesis.

Mutation and/or deletion of the p53 gene and the INK4a/
AREF locus are frequently observed in CML blast phase (1), but
to our knowledge, there is no report demonstrating the
inactivation of the p21<"*¥WAF! gene. So, our findings that
p21CIPY WAL byt not p53 or p16™5*2/p19ARF is the major reg-
ulator of Ras-induced suppression of erythropoiesis are again
consistent with the clinical features that anemia is continued
and erythroid transformation is a rare event in blast-phase
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CML (7, 8). Furthermore, because loss-of-function mutations
of the p21<1PYWAFL gane are rare in most of the hematologic
malignancies, anemia observed in these diseases might be
attributable to p21C/PV/WAFL,

In conclusion, we here show that BCR-ABL but not JAK2
V617F inhibits erythropoiesis through the Ras signal. We also
identified p21<'"Y/¥AF1 a5 a central regulator of Ras-induced
suppression of erythropoiesis. Ras transmits both growth pro-
moting and inhibitory signals, and then induces proliferation or
senescence dependently on their balance. In erythroid but not
in myeloid progenitors, the growth promoting signal is inhib-
ited at the level of MEK by GATA-1, which would lead to the
relative dominance of the growth inhibitory signal mediated by
p21CIP/WAFL (Eig 7). These mechanisms would explain why
oncogenic Ras simultaneously reveals conflicting effects
according to the cell lineage, i.e. growth promotion in myeloid
cells and growth inhibition in erythroid cells. This model may
be also useful to understand the mechanism of anemia caused
by other oncogenic TKs.
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Abstract Although imatinib has become the current
standard treatment for chronic myeloid leukemia (CML),
there is limited information regarding its efficacy and
safety among Japanese patients. We therefore conducted a
prospective multi-center open-label study of imatinib for
Japanese patients with newly diagnosed chronic-phase
CML (CP-CML). A total of 107 patients were enrolled and
treated with imatinib at an initial daily dose of 400 mg.
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Eighty-three patients completed 3 years of study treatment.
The cumulative rates of major cytogenetic response and
complete cytogenetic response (CCyR) were 90.9 and
90.2% at 3 years, respectively. The safety profile was not
very different from that reported in the IRIS study,
although grade >3 neutropenia occurred relatively fre-
quently (31.8 vs. 14.3%). Only seven patients discontinued
the study due to adverse events, as did four patients due to
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insufficient efficacy. The 3-year probabilities of overall
survival and progression-free survival were 93.2 and
91.4%, respectively. Higher average daily doses (i.e.,
>350 mg) were significantly associated not only with
higher rates of achieving CCyR, but also with longer
duration of CCyR. These findings confirm the clinical
utility of imatinib in Japanese patients with newly diag-
nosed CP-CML, and suggest detrimental effect of low
average daily dose on treatment results.

Keywords Chronic myeloid leukemia - Chronic phase -
Newly diagnosed - Imatinib

1 Introduction

Imatinib is a molecule-targeting drug that inhibits BCR-
ABL tyrosine kinase and exerts a selective proliferation-
inhibitory effect in chronic myeloid leukemia (CML) [1, 2].
Several international trials have documented excellent
clinical efficacy of imatinib in patients with chronic-phase
CML (CP-CML) [3-5], as well as in patients in accelerated
phase (AP) [6] and blast crisis (BC) [7]. Based on those
studies along with Japanese phase I and phase II studies
[8], imatinib was approved in Japan in November 2001,
and has been available in clinical practice since December
2001. However, there is very limited information regarding
efficacy and safety of imatinib among Japanese patients.
We therefore conducted a post-marketing study to confirm
clinical utility of imatinib in Japanese patients with newly
diagnosed CP-CML.

2 Patients and methods
2.1 Study design

This was a prospective, multi-center, non-controlled study
to evaluate efficacy and safety of imatinib in Japanese
patients 15-74 years of age with Philadelphia chromosome
positive (Ph+4) CP-CML. Eligible patients were those with
Eastern Cooperative Oncology Group performance status
0-3 who had been previously untreated with interferon
(IFN) or imatinib. Patients were excluded if serum bilirubin
or serum creatinine levels were >3 times the upper limit of
the normal range, if serum aspartate aminotransferase
(AST) or alanine aminotransferase (ALT) levels were >5
times the upper limit of the normal range, if they received
hydroxycarbamide within a week prior to enrollment or
any other antileukemic drug within 2 weeks, or if there was
any evidence of AP or BC in association with any of the
following conditions: >15% blasts in the peripheral blood
or bone marrow; >30% blasts plus promyelocytes in the

@ Springer

peripheral blood or bone marrow; >20% basophils in the
peripheral blood; or extramedullary leukemic infiltrates
with the exception of spleen or liver. Women who were
pregnant or possibly pregnant were also excluded.
Patients were treated with imatinib at a daily dose of
400 mg. Dose escalation to 600 mg was implemented if they
had failed to achieve complete hematologic response (CHR)
at 3 months or major cytogenetic response (MCyR) at
6 months. If the patient had failed to achieve MCyR at
9 months, IFN was started at a daily dose of 300 million unit
per body two or three times a week while on imatinib. Dose
modification of imatinib was generally based on the fol-
lowing guidelines. For grade >3 liver dysfunction (elevated
bilirubin, AST, or ALT), administration was interrupted
until recovery to grade <2, and then resumed at 300 mg/day.
For grade >3 neutropenia or thrombocytopenia, adminis-
tration was interrupted until recovery to grade <2, and then
resumed at 400 mg/day. If grade >3 toxicity recurred after
resuming, dose reduction to 300 mg/day was implemented.
The study was discontinued in the event of failure to achieve
CHR at 6 months, intolerance to imatinib, disease progres-
sion to AP or BC, death, patient request, and lost to follow-
up, or at the discretion of the investigator. Patients were
followed up to 3 years from the day of starting imatinib.

2.2 Endpoints

The primary endpoints were overall survival (OS) and
progression-free survival (PFS). OS was defined as the time
from the day of first dose of imatinib to death or last fol-
low-up, and PFS was defined as the time from the day of
first dose of imatinib to progression to AP or BC, death or
last follow-up. Secondary endpoints were hematologic,
cytogenetic and molecular response, and adverse events.
Cytogenetic response was assessed by using bone marrow
cells every 3 months until 12 months and every 6 months
thereafter until 36 months. Complete cytogenetic response
(CCyR) was defined as complete disappearance of the
Philadelphia chromosome. MCyR was defined as decrease
in Philadelphia chromosome to 35% or lower. Adverse
events were assessed according to the National Cancer
Institute Common Toxicity Criteria version 2.0.

Cumulative rates of hematologic and cytogenetic
response, PFS, event-free survival (EFS), and OS were
evaluated in accordance with the IRIS study reports [3, 9].
EFS was defined as the time from the day of first dose of
imatinib to death, progression to AP or BC, loss of CHR, loss
of MCyR, increase in white blood cell count to 20000/uL, or
last follow-up.

This study was conducted in compliance with the Dec-
laration of Helsinki and was approved by local Institutional
Review Boards. All patients provided written informed
consent prior to initiation of study medication.
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2.3 Statistical methods

OS, PFS, and EFS were estimated by using the Kaplan—
Meier method. Efficacy endpoints were compared by patient
age (>60 years and <60 years), and by average daily dose of
imatinib (i.e., =350 mg/day, 250 to <350 mg/day and
<250 mg/day). The Wilcoxon two-sample test was used to
compare the average daily dose between the age groups. In
patients who had achieved CCyR, CCyR duration was
compared by average daily dose of imatinib after achieving
CCyR. Average daily dose was calculated as cumulative
dosage divided by the total days on study.

3 Results
3.1 Patients

A total of 107 patients were enrolled in the study between
November 2002 and June 2004, and administered imatinib.
All patients were evaluable for efficacy and safety, and the
median duration of imatinib exposure was 1091 days
(range, 82-1156 days). Among these patients, 83 com-
pleted 3 years of study treatment, whereas 24 discontinued
the study due to adverse events (n = 7), withdrawal of
consent (n = 5), insufficient efficacy (n = 4), allogeneic
bone marrow transplantation (n = 4), and other reasons
{n = 4). Demographic characteristics of patients in the full
analysis set are summarized in Table 1. The median age
was 47 years (range, 16-74 years), with 71 males and 36
females. Prior therapies for CML included hydroxycar-
bamide (n = 7), and leukapheresis (r = 1). The median
time from diagnosis of CML to initiation of imatinib was
8.0 days (range, 1-1526 days).

The initial dose of imatinib was 400 mg/day for all
patients. The mean (%standard deviation) dose adminis-
tered during the study was 343 (+£90) mg/day. Dose
modification was required in 70.1% of patients mainly due
to adverse events. Details of dose modification are sum-
marized in Table 2. There were no patients in whom IFN
was added to imatinib. Average daily doses were
>350 mg, 250 to <350 mg, and <250 mg in 68 (63.6%),
21 (19.6%) and 18 patients (16.8%), respectively. As
shown in Table 3, the percentage of patients who continued
imatinib at 400 mg/day without any dose modification was
48.6% during week 1-13, 57.5% during week 14-26, and
was around 60% thereafter.

3.2 Treatment results
The cumulative rate of CHR was 99.1% at 1 year, and the

cumulative rates of MCyR and CCyR were 90.9 and 90.2%
at 3 years, respectively (Fig. 1). The median time to CHR

Table 1 Patient characteristics

Characteristics Category Number
of patients
Total number of subjects 107
Sex Male 71 (66.4)
Female 36 (33.6)
Age 10s 4 (3.7
20s 10 9.3)
30s 24 (22.4)
40s 18 (16.8)
50s 26 (24.3)
60s 19 (17.8)
70s 6 (5.6)
Mean + SD 47.1 £ 14.7
Minimum- 16-74
maximum
Median 47.0
Body weight 40 to <50 kg 13 (12.1)
50 to <60 kg 134 (318)
60 to <70 kg 40 (37.4)
70 to <80 kg 13 (12.1)
80 to <90 kg 5@4.7)
>90 kg 2 (1.9)
Mean + SD 61.66 + 10.88
Minimum-— 43.0-103.0
maximum
Median 61.50
Body surface area 12 to <1.4 m? 547
1.4 to <1.6 m* 31 (29.0)
1.6 to <1.8 m? 53 (49.5)
1.8 to <2.0 m? 15 (14.0)
>2.0 m? 328)
Mean + SD 1.6705 & 0.1670
Minimum-— 1.307-2.151
maximum
Median 1.6800
Previous CML therapy No 99 (92.5)
Yes 8 (7.5)
Hydroxycarbamide 7 (6.5)
Leukapheresis 1(0.9)
ECOG performance status 0 95 (88.8)
1 10 9.3)
2 2(1.9)
Time elapsed from <4 weeks 92 (86.0)
the first day of CML 4 to <13 weeks 14 (13.1)
diagnosis to the
start of study treatment 252 weeks 109
Mean + SD 27.0 £ 146.9
Minimum- 1-1526
maxnmum
Median 8.0

Values within parenthesis are given in percentage
SD standard deviation, CML chronic myeloid leukemia, ECOG Eastern’

Cooperative Oncology Group
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and CCyR were 92.5 days (range, 75-207 days) and
179.5 days (range, 70-589 days), respectively. In 92
patients who had achieved CCyR, 77 patients remained in
CCyR until the end of 3 years of imatinib treatment. All of
the 15 patients who hadn’t achieved CCyR discontinued
the study. Among them, 4 patients progressed to AP or BC,
and 5 patients proceeded to hematopoietic stem cell
transplantation.

Of 107 patients, progression to AP or BC and death
occurred in nine and seven patients, respectively. One
death, which was because of pneumonia, was reported
during the study and the remaining six deaths were
reported after patients discontinued the study. The proba-
bilities of OS, PFS and EFS at 3 years were 93.2% [95%
confidence interval (CI) 88.3-98.1%), 91.4% (95% Cl
86.1-96.8%), and 81.9% (95% CI 74.6-89.3%), respec-
tively (Fig. 2).

3.3 Response and survival by average daily dose

Next, we evaluated cumulative CCyR rate, OS, PES, and
EFS according to the average daily dose of imatinib
(=350 mg/day, 250 to <350 mg/day, and <250 mg/day).
As shown in Figs. 3, 4, CCyR and EFS were significantly
associated with the average daily dose (p <0.001,

Table 2 Summary of dose modification

n T
No dose change 32 29.9
Dose change 75 70.1
Reduction only 7 6.5
Reduction and interruption 43 40.2
Reduction and increase 1 0.9
Increase only 1 09
Increase and interruption 4 3.7
Interruption only 19 17.8
Total 107 100.0

Table 3 Average daily dose of imatinib over time

respectively). In particular, patients with the average daily
dose <250 mg had low rates of CCyR and EFS. CCyR
duration was also significantly different according to the
average daily dose (p <0.001, Fig. 5). OS and PFS
seemed lower in those with lower average daily dose,
although the differences did mnot reach statistical
significance.

The average daily doses were significantly different by
age group, with 360 (£81) mg in patients aged <60, and
287 (£97) mg in patients aged =60 years (p < 0.001).
Patients aged <60 had statistically non-significant better
EFS than those aged >60 years (85.3 vs. 70.6% at 3 years,
p = 0.101). In terms of OS or PFS, there were no signifi-
cant differences between the age groups.

3.4 Adverse events

Adverse events were reported in all of the 107 patients.
Serious adverse events which developed in >2 patients
included neutropenia (n = 4), blast crisis (# = 3), anemia,
intestinal obstruction, gastric antral vascular ectasia,
appendicitis, herpes zoster, thrombocytopenia, and leuko-
cytopenia (n = 2, each). Grade >3 adverse events were
reported in 31 patients (29.0%, 47 episodes). As listed in
Table 4, grade >3 adverse events reported in >5% of
patients were neutropenia (31.8%), leukocytopenia
(19.6%), lymphocytopenia (17.8%), thrombocytopenia
(14.0%), and rash (8.4%). When frequencies of adverse
events were compared between this study and the IRIS
study [3], nasopharyngitis, rash, upper respiratory tract
infection, pyrexia, and grade >3 neutropenia seemed more
frequent, while nausea, muscle cramp, joint pain seemed
less frequent in our study.

4 Discussion

Although it is widely accepted that imatinib is the standard
treatment for CP-CML, published experiences of imatinib

Week: 1-13 14-26 27-39 40-52 53-78 79-104 105-130 131-156
No. of patients (1): 107 106 102 95 92 90 88 88
Average daily dose (mg) n % n % n % n %o n % n % n % n %
<200 3 28 12 113 9 8.8 7 74 6 6.5 4 44 3 3.4 1 1.1
200 to <300 24 224 16 151 11 108 7 7.4 9 9.8 10.0 9 102 14 159
300 to <350 13 121 12 113 14 137 18 189 12 130 12 133 16 182 12 136
350 to <400 15 140 4 3.8 4 3.9 0 0.0 5 54 5 5.6 4 4.5 6 6.8
400 52 486 61 575 61 598 61 642 58 630 58 644 54 614 52 591
>400 0 0.0 1 0.9 3 2.9 2 2.1 2 2.2 2 22 2 2.3 3 34
@ Springer
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Fig. 1 Kaplan-Meier curves of cumulative rates of complete hema-
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complete cytogenetic response (CCyR)
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Fig. 2 Kaplan-Meier curves of overall survival, progression-free
survival and event-free survival of all patients

in Japanese patients are limited [8, 10-16]. Under such
circumstances, a nationwide registration system for CML
has been established by the Japanese Society of Hematol-
ogy since 2003, and early results were published [15]. To
further clarify the clinical utility of imatinib among Japa-
nese patients, we conducted a prospective study of imatinib
in 109 patients with newly diagnosed CP-CML. MCyR and
CCyR rates at 12 months were 90.9 and 84.8%, which
were comparable or even superior to those in the IRIS
study (85 and 69%, respectively) [9]. Likewise, long-term
outcomes were not different between both studies, because
the OS rate in our study was 93.2% at 3 years, whereas, in
the IRIS study, it was reported to be 97.2% at 18 months
and 89% at 5 years [3, 9]. The safety profile observed in
our study was almost comparable with that of the IRIS
study, although grade >3 neutropenia occurred relatively

0 3 [ 9 1215 18 21 24 27 30 33 36
Months

Fig. 3 Kaplan-Meier curves of cumulative rates of complete cyto-
genetic response (CCyR) by average daily dose of imatinib
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Fig. 4 Kaplan-Meier curves of event-free survival by average daily
dose of imatinib

frequently in our study than in the IRIS study (31.8 vs.
14.3%), while the incidences of neutropenia of all grades
were not different (53.3% in our study versus 60.8% in the
IRIS study). In both studies, imatinib was initiated at a
daily dose of 400 mg and interrupted in the event of grade
>3 neutropenia or thrombocytopenia until the toxicity
resolved to grade <2. The reason for this observation was
not clear; however, the finding that only seven of our
patients discontinued the study due to adverse events
showed feasibility of the treatment. Some non-hemato-
logical adverse events like nausea, muscle cramp, and joint
pain were less frequent in Japanese than in Caucasians.
These efficacy and safety results, taken together, confirmed
the clinical utility of imatinib in Japanese patients with
newly diagnosed CP-CML.

Based upon observations in a relatively small number of
Japanese patients, some authors have suggested the possi-
bility that the daily dose of imatinib could be reduced to
less than 400 mg without significant disadvantage, partly
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due to smaller body size as compared with Caucasians [12,
13]. Analyses of cumulative rate of CCyR and EFS by
average daily dose in our study showed that patients given

(%)
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40 1
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201 250 to < 350 mg/day (n = 18)}

log-rank test

———- <250 mgday (n = 10) p<0.001

T T T

13 21 24 27 30 33 36
Months

12 15

Fig. 5 Kaplan-Meier curves of duration of complete cytogenetic
response (CCyR)

higher average daily doses of imatinib (=350 mg) not only
achieved higher CCyR rate but also had longer CCyR
duration than those given lower average daily doses. EFS
was also superior among patients who were treated with
higher average daily doses of imatinib. Matsuo et al. [10]
reported similar findings of a clear dose-response rela-
tionship between imatinib daily dose and treatment results.
In that study, CCyR rate at 30 months was higher in
patients receiving daily dose of imatinib >300 mg than in
those receiving 250-300 mg, or <250 mg. Sugita et al.
[16] also reported that mean daily doses of >300 mg led to
higher CCyR rate, longer CCyR duration, and improved
OS as compared to 200-300 mg. These results, taken
together, suggest detrimental effect of low average daily
dose on treatment results. Our observation that EFS was
relatively lower in patients aged >60 years than in those
aged <60 years might be explained partly by the difference
in the average daily dose. To achieve and maintain better
response, it would be beneficial to avoid excessive dose

Table 4 Comparison of adverse events between this study and the IRIS study

This study (n = 107)

IRIS study (n = 533) [3]

All grades Grade 3/4 All grades Grade 3/4
n %o n % n % n %
Hematological
Neutropenia 57 53.3 34 31.8 324 60.8 76 14.3
Leukocytopenia 51 477 21 19.6 NR NR NR NR
Lymphocytopenia 48 44.9 19 17.8 NR NR NR NR
Thrombocytopenia 44 41.1 15 14.0 302 56.6 42 7.8
Anemia 33 30.8 3 2.8 238 44.6 17 3.1
Nonhematological
Surficial edema 71 66.4 0 0.0 296 55.5 5 0.9
Nasopharyngitis 70 65.4 0 0.0 117 22.0 0 0.0
Rash 64 59.8 9 8.4 181 339 11 2.0
Diarrhea 44 41.1 3 2.8 175 32.8 10 1.8
Gastroenteritis 37 34.6 3 2.8 NR NR NR NR
Nausea 35 32.7 0 0.0 233 43.7 4 0.7
Malaise 29 27.1 0 0.0 184 345 6 1.1
Myalgia 27 25.2 2 1.9 114 21.4 8 1.5
Upper respiratory tract infection 27 252 0 0.0 77 14.5 1 0.2
Muscle cramps 26 243 0 0.0 204 383 7 1.3
Pyrexia 26 24.3 0 0.0 70 13.1 4 0.7
Headache 23 21.5 0 0.0 166 31.2 2 0.4
Dizziness 17 15.9 0 0.0 77 14.5 5 0.9
Vomiting 16 15.0 0 0.0 90 16.9 8 1.5
Joint pain 14 13.1 0 0.0 151 28.3 13 24
Cough 13 12.1 0 0.0 77 14.5 1 0.2
Anorexia 11 103 0 0.0 28 53 0 0.0
Pruritus 11 10.3 0 0.0 39 7.3 1 0.2

NR not reported
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reduction and interruption with careful monitoring of
safety in individual patients. A similar concept was advo-
cated by a study reported by Kanda et al. [14].

In summary, this prospective study confirmed remark-
able efficacy and safety of imatinib in Japanese patients
with newly diagnosed CP-CML. It also suggested a clear
relationship between higher daily doses of imatinib (i.e.,
>350 mg) and better treatment results.
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Progress has been slow in defining molecular requirements for human B lymphopoiesis in part
because of differences from experimental animals and also because of the lack of culture
conditions that efficiently support the process. We recently found that human CD10*
lymphocytes were produced when CD34" hematopoietic stem and progenitor cells were
cultured in contact with human mesenchymal stem cells (hMSC). Further investigation revealed
that it occurred even when progenitors were separated from hMSC by membrane filters.
Experiments with neutralizing antibodies suggested that important heat labile factors produced
by hMSC are unlikely to be IL-7, TSLP, CXCL12 or hemokinin-1. Further manipulation of culture
conditions revealed that optimal lymphopoiesis required careful selection of fetal calf serum lots,
maintenance of high cell densities, as well as recombinant cytokines (SCF, FL and G-CSF). G-CSF
was particularly important when adult bone marrow rather than umbilical cord blood derived
CD34™" cells were used to initiate the cultures. These improved methods should facilitate
identification of molecules that can be used to speed regeneration of the humoral immune system

following chemotherapy and might suggest ways to inhibit growth of B lineage malignancies.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

B lineage lymphocytes are produced throughout life from
hematopoietic stem cells (HSC) within bone marrow (BM)
(Nunez et al., 1996; Rossi et al., 2003; Stephan et al.,, 1998).
While steps in the process have been extensively investigated
in mice, progress in understanding human B lymphopoiesis has
been hampered by lack of efficient ways to study progenitors in
culture (Bertrand et al., 2000; LeBien, 2000). This is partially
due to species differences and a growth factor that selectively
drives formation of human B cells has not been identified

Abbreviations: HSC, hematopoietic stem cells;BM, bone marrow;hMSC,
human mesenchymal stem cells;CB, umbilical cord blood;FCS, fetal calf
serum;TSLP, thymic stromal lymphopoietin;G-CSF, granulocyte colony
stimulating factor;SCF, stem cell factor;FL, flt-3 ligand;GPA, glycophorin A;
PC5, phycoerythrin 5-succinimidylester;NOG, NOD/SCID/common y™",
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(Pribyl and LeBien, 1996). Some success has been obtained by
placing human stem and progenitor cells on monolayers of
murine stromal cells (Kurosaka et al., 1999; Nishihara et al.,
1998;0hkawara et al., 1998; Rawlings et al, 1995), and we
recently found that human mesenchymal stem cells (hMSC)
were even more effective (Ichii et al., 2008). For example,
umbilical cord blood (CB) CD34™ cells generated more CD33™
CD13™ myeloid cells and CD10* CD19™ B lineage lymphocytes
in hMSC co-cultures than when the murine MS5 stromal cell
line was used. In addition to their support of hematopoiesis
(Kog et al,, 2000; Muguruma et al., 2006; Zhang et al., 2004),
multipotential hMSC are capable of chondrocyte, osteoblast or
adipocyte differentiation (Abdallah and Kassem, 2008; Cham-
berlain et al., 2007, Pittenger et al., 1999). Diffusible factors or
membrane ligands on the adherent cells provide signals
required for survival, proliferation and differentiation in the B
lineage, but the nature of those molecules is poorly understood.
Addition of recombinant growth and differentiation factors can
be helpful, but optimal conditions have not been found.
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