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Chronic active Epstein—Barr virus (CAEBV) infection is a systemic Epstein—Barr virus (EBV)-
positive lymphoproliferative disorder characterized by persistent or recurrent infectious
mononucleosis-like symptoms in patients with no known immunodeficiency. The detailed
pathogenesis of the disease is unknown and no standard treatment regimen has been developed.
EBV gene expression was analysed in peripheral blood samples collected from 24 patients with
CAEBYV infection. The expression levels of six latent and two lytic EBV genes were quantified by
real-time RT-PCR. EBV-encoded small RNA 1 and BamHI-A rightward transcripts were
abundantly detected in all patients, and latent membrane protein (LMP) 2 was observed in most

patients. EBV nuclear antigen (EBNA) 1 and LMP1 were detected less frequently and were
expressed at lower levels. EBNA2 and the two lytic genes were not detected in any of the
patients. The pattern of latent gene expression was determined to be latency type Il. EBNA1 was
detected more frequently and at higher levels in the clinically active patients. Quantifying EBV
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gene expression is useful in clarifying the pathogenesis of CAEBV infection and may provide
information regarding a patient's disease prognosis, as well as possible therapeutic interventions.

INTRODUCTION

Epstein—Barr virus (EBV) is the causative agent of
infectious mononucleosis and is associated with several
malignancies, including Burkitt’s lymphoma, Hodgkin’s
lymphoma, nasopharyngeal carcinoma and post-transplant
lymphoproliferative disorders (Cohen, 2000; Rickinson &
Kieff, 2007; Williams & Crawford, 2006). Chronic active
EBV (CAEBV) infection is a systemic EBV-positive
lymphoproliferative disorder characterized by persistent
or recurrent infectious mononucleosis-like symptoms in
patients with no known immunodeficiency (Kimura, 2006;
Okano et al., 2005; Straus, 1988; Tosato et al., 1985). The
clonal expansion of EBV-infected T cells or natural killer
(NK) cells plays a pathogenic role in patients with CAEBV,
particularly among those in east Asia or central America
(Kanegane et al., 2002; Kimura, 2006; Quintanilla-Martinez
et al, 2000). These patients can be classified into two

A supplementary table of primer sequences is available with the online
version of this paper.

groups based on the predominantly infected cell type, T
cells or NK cells (Kimura et al., 2001, 2003). Nonetheless,
the detailed pathogenesis of CAEBV remains elusive and no
standard treatment regimen has been developed. Recently,
haematopoietic stem cell transplantation (HSCT) was
introduced as a curative therapy for CAEBV (Fujii et al,
2000; Okamura et al., 2000; Taketani et al., 2002); however,
transplant-related complications are common in such
patients (Gotoh et al., 2008; Kimura et al, 2001, 2003).
Alternatively, the EBV-related antigens expressed by
infected cells are possible targets for treatment with EBV-
specific cytotoxic T lymphocytes (CTLs) (Heslop et al.,
1996; Rooney et al., 1998).

Viral gene expression in EBV-associated diseases is
classified into one of three latency patterns (Cohen, 2000;
Kieff & Rickinson, 2007). Latency type I, which is found in
Burkitt’s lymphoma, is characterized by EBV nuclear
antigen (EBNA) 1, EBV-encoded small RNAs (EBERs)
and BamHI-A rightward transcripts (BARTSs) expression
(Tao et al., 1998). In latency type II, which is characteristic
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of Hodgkin’s lymphoma and nasopharyngeal carcinoma,
EBNAL, latent membrane protein (LMP) 1, LMP2, EBERs
and BARTS are expressed (Brooks ef al., 1992; Deacon et al.,
1993). In latency type III, which is associated with post-
transplant lymphoproliferative disorders, all of the above
latent genes (EBNA1, EBNA2, EBNA3A, 3B, 3C, EBNA-LP,
LMP1, LMP2, EBERs and BARTSs) are expressed (Young
et al., 1989).

We recently reported that EBV gene expression could be
quantitatively assessed by multiplex real-time RT-PCR
(Kubota et al, 2008). This method not only helps quantify
EBV gene expression but also can be used to clarify the
pathogenesis of EBV-associated diseases and to provide
information about their prognosis and possible therapeutic
interventions. Thus, in this study, we quantified the
expression of six latent (EBNA1, EBNA2, LMP1, LMP2,
EBER1 and BARTs) and two lytic [BZLF1 and glycoprotein

(gp) 350/220] EBV genes in the peripheral blood of patients
with CAEBV.

RESULTS

First, we quantified the expression of several EBV genes in
B, T and NK cell lines by real-time RT-PCR (Fig. 1a). In
the EBV-positive B cell lines (Raji, LCL-1 and LCL-2), all
six latent genes (EBNA1l, EBNA2, LMP1, LMP2, EBER1
and BARTs) were detected, and the gene expression pattern
was consistent with latency type III. Both lytic genes were
detected in LCL-1 and -2 cells. However, none of the target
genes was detected in BJAB, an EBV-negative cell line.
EBNAI1, LMP1, LMP2, EBER1 and BARTS, but not EBNA2,
were detected in both the T (SNT-8, -13, -15 and -16) and
NK cell lines (SNK-1, -6, -10 and KAI-3). The pattern of
expression in the T and NK cell lines was latency type IL

(a) Cell lines
Raji LCL-1 LCL-2 BJAB

(b) Infectious mononucleosis
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Fig. 1. Analysis of EBV gene expression by real-time RT-PCR. f2-Microglobin (82 m) was used as an endogenous control and
reference gene for relative quantification and was assigned an arbitrary value of 1 (10°). (a) The quantity of each EBV gene in B,
T and NK cells. Raji, LCL-1 and LCL-2 are EBV-positive B cell lines. BJAB is an EBV-negative B cell line. SNT-8, -13, -15 and
-16 are EBV-positive T cell lines. SNK-1, -8, -10 and KAI-3 are EBV-positive NK cell lines. (b) Quantitative expression of the
EBV genes in patients with infectious mononucleosis. (c) Representative results showing the relative expression of EBV genes
in patients with a CAEBV infection. T-1, -2 and -3 are T-cell-type cases (patients 6, 9 and 11 in Table 1), while NK-1,-2 and -3

are NK-cell-type cases (patients 14, 15 and 19 in Table 1).
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BZLF1 was detected in three of four T-cell lines, while
gp350/220 was not detected in any of the cell lines,
indicating an abortive lytic cycle. These results are
consistent with those from previous reports (Leenman
et al., 2004; Tao et al., 1998; Tsuge et al., 1999; Zhang et al,
2003), indicating the reliability of our system. We
evaluated the sensitivity for each latent EBV gene using a
cell mixture containing 1x 10° EBV-negative BJAB cells
and 10-fold serial dilutions of LCL-1 with latency III. The
detection limits for EBNA1, EBNA2, LMP1, LMP2, EBERI
and BARTSs were 0.1, 0.1, 0.01, 0.01, 0.001 and 0.01 % of
LCL-1 cells, respectively. To evaluate the sensitivity for lytic
genes, cell mixtures containing BJAB and Akata cells with a
lytic infection, induced by human immunoglobulin G,
were used. The detection limits for BZLF1 and gp350/220
were 0.1 % of Akata cells.

Next, we analysed blood from three patients with acute-
phase infectious mononucleosis (Fig. 1b). EBNA2, LMP1,
LMP2, EBERI and BARTs were detected in the PBMCs of

the patients, whereas EBNA1 was detected in two patients.
The gene expression pattern in each case was latency type
III. BZLF1 was detected in one patient, whereas gp350/220
was not detected in any patient. Furthermore, we analysed
the PBMCs of 23 healthy carriers. Four healthy carriers
were positive for EBV DNA. Real-time RT-PCR detected
EBER! and BARTs in the PBMCs of one carrier, while
EBERI1 alone was detected in a single additional carrier.

We next quantified the expression leve] of each gene in 24
patients with CAEBV. PBMCs collected at the time of
diagnosis or referral were used in the analysis. The
expression profiles of each patient are shown in Table 1,
while the positive rates for each EBV gene are summarized
in Table 2. EBER]1 and BARTs were detected in each
patient, while LMP2 was detected in most patients. EBNA1
and LMP1 were detected less frequently compared with
EBERI1 and BARTs (P<<0.0001 and P=0.004, respectively).
EBNA2 and the lytic genes BZLF1 and gp350/220
were undetected in all of the patients. Representative

Table 1. Characteristics and EBV gene expression profiles of 24 patients with chronic active EBV infection

~D, Not done. EBNA2, BZLF1 and gp350/220 were not expressed in any samples. EBER1 and BARTs were expressed in all samples.

Patient Age Gender Cell type Viral load* Disease HSCT Outcome Viral  EBV gene expression
(years) infected typet load}
PBMC CD3™ CDI19% CD36* EBNA1 LMP1 LMP2

1 6 M T 85925 157196 32828 62047 I - Alive 241000 - + +
2 5 M T 74915 119024 12292 77651 I - Alive 392203 + - +
3 25 M T 10749 12106 2742 5739 1 Alive 297 - - -
4 10 M T 18308 23422 12665 27106 I - Alive 19363 - + +
5 6 M T 14162 22559 1583 1073 A + Alive 14162 - - +
6 4 F T 15776 17312 5243 A + Alive 15776 + + +
7 11 M T 60097 143852 23212 6352 A + Alive 60097 - - +
8 18 F T/B 93458 118026 174042 267078 A + Alive 392734 + + +
9 14 F T 30633 32730 8345 4760 1 + Alive 30633 - + +
10 24 F T 8589 43469 2388 12555 A = Dead 37148 + - +
11 23 F T 5684 7990 4200 250 I + Dead 2764 - + +
12 13 M T 3176 3579 948 839 I + Dead 10681 + + +
13 16 F T 52978 55431 37536 84110 I + Dead 52978 - + +
14 11 M NK 370000 31600 100000 1800000 I - Alive 339589 + + +
15 9 M NK 77884 7428 17083 89352 I - Alive 89930 - + +
16 4 M NK 74550 11288 18423 86361 A + Alive 74550 + + +
17 5 F NK 11200 330 3300 23400 A + Alive 1108 + + +
18 3 M NK 131957 1591 16450 917500 1 + Alive 131957 - + +
19 9 M NK 263429 92057 206565 425956 1 + Alive 263429 - - +
20§ 26 F NK 18889 ND ND I + Alive 18889 - + -
21 14 F NK 1559 53 105 4302 A - Dead 1051 - -

22 14 F NK 20126 3288 1866 35252 1 + Dead 44750 + + +
23§ 16 M NK 69121 ND ND I + Dead 69121 + + +
24§ 14 F NK 1041 ND ND I + Dead 1041 - - -

*Bold type indicates that EBV DNA was concentrated by fractionation; copies (pg DNA) ™",
tPatients with severe symptoms were defined as having a clinically active disease (A); patients with no symptoms or with only skin symptoms were

defined as having an inactive disease (I).

fIndicates the EBV DNA in the PBMCs used for real-time RT-PCR analysis; copies (pg DNA) L
$Infection was confirmed by in situ hybridization with EBER using fractionated cells.
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Table 2. Detection of eight EBV-related genes in 24 patients
with a CAEBY infection

Gene No. positive patients (%) P-value*
EBNAI 10 (42) <0.001
EBNA2 } 0 (0) <<0.001
LMP1 16 (67) 0.004
LMP2 20 (83) 0.11
EBER1 24 {100) -
BART:s 24 (100) -
BZLF1 0 (0) <0.001
gp350/220 0 (0) <0.001

*Comparison with EBER]1 and BARTs. All P-values were obtained
using Fisher’s exact test.

quantitative results for each EBV gene are shown in
Fig. 1(c).

The negative results obtained for EBNA1 and LMP1 raise
the possibility that the test was not sensitive enough to
detect low levels of expression. Therefore, we examined the
correlation between the relative expression level for each
gene and the EBV DNA load in the PBMCs (Fig. 2). For all
of the EBV genes examined, the expression level correlated
with the EBV DNA load. However, the samples with a low
EBV DNA load were not always negative for EBNAIL;
similar findings were seen for LMP1.

To confirm the EBV gene expression profiles in various cell
populations, we separated CD3 ™", CD19" and CD56™* cells
from the PBMCs by immunomagnetic sorting and
quantified the gene expression in each population by
real-time RT-PCR using selected patients and healthy
carriers. In one patient with T-cell-type CAEBV (patient 2
in Table 1; CD3™ CD56™ T cells harboured EBV), type I

latent genes, such as EBNAL, LMP2, EBER] and BARTS,
were detected in both the CD3" and CD56™ cell
populations (Fig. 3a). In a patient with NK-cell-type
CAEBV (patient 14 in Table 1), type II latent genes were
detected primarily in the CD56* population (Fig. 3b). On
the other hand, in a healthy carrier, EBER1 and BARTs
were detected in the CD19* population (presumed to be
the B-cell fraction; Fig. 3c). Importantly, the gene
expression profiles in the mainly infected cells largely
corresponded to those in the unsorted PBMCs in all three
cases, suggesting that our PBMC data could be applied to
the cells in the mainly infected population.

We next estimated the mean expression level for each EBV
gene in 24 patients with CAEBV (Fig. 4a). EBERI1 had the
highest relative expression level, followed by BARTs, LMP2
and EBNAI1, whereas LMP1 had the lowest. Next, we
compared the expression level for each EBV gene between
the T- and NK-cell types of CAEBV (Fig. 4b). No significant
difference was found, although LMP2 expression tended to
be higher in the T-cell type (P=0.09). We also compared the
expression levels between the clinically active patients, who
presented with severe symptoms at the time of sample
collection, and clinically inactive patients {Fig. 4c). EBNA1
expression was 8.3 times higher in the active patients than in
the inactive patients (P=0.02). Additionally, the rate of
EBNAI-positive patients in the active group was signific-
antly higher (75 versus 25 %; P=0.03). On the other hand,
there was no difference in EBV DNA load in the peripheral
blood between the active and inactive groups [10** versus
10* copies (ug DNA)™ % P=0.85]. We also investigated
whether EBV gene expression at the time of diagnosis or
referral to our hospital was associated with the subsequent
disease outcome. We divided the patients into three groups:
survivors without HSCT, survivors with HSCT and non-
survivors. No significant difference was observed in the gene
expression profiles of the three groups (Fig. 4d).

EBNA1 LMP1

103 Re=g 20

104
10°® - os s
100 107 100 102 10* 106
BARTs
£ R2=0.38
N
s 102
o
'_%; Fig. 2. Relationship between the quantity of
g 10 each EBV gene and the EBV DNA load in
"g E— PBMCs from patients with CAEBV. The
g Lo L
3 - 4 10 . correlation in all of these was statistically
[copies (ug DNA)™] 10° 102 104 106 100 102 104 106 significant.
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Fig. 3. EBV gene expression in sorted cell populations. CD19%, CD3" and CD56™ cells were separated by immunomagnetic
sorting and analysed by real-time RT-PCR; unsorted PBMCs were analysed. (a) A T-cell-type CAEBV patient (patient 2 in Table
1;CD3* CD56™ T cells were the main type of infected cells). (b) An NK-cell-type CAEBV patient (patient 14 in Table 1). (c) A
healthy carrier whose PBMCs were positive for EBV DNA.

(@) (b)
EBNA1 EBNA1 Fig. 4. EBV gene expression profile for
EBNAZ i EBNAZ patients with CAEBV. The quantity of each
LMP1 LMP1 EBV gene was analysed by real-time RT-PCR
LMP2 LMP2 and compared with the B2 m level; the
Eii'? EBiERZ mean +SE (boxes and bars) was calculated
BZLF? BZLF1 LI for each gene. (a) Average expression of
3501220 Gp350/220 "] NK type EBV genes in 24 patients with CAEBV.
08 104 10 109 104 109 (b) Comparison between T- (13 cases) and
NK- (11 cases) cell-types. (c) Comparison
(CLBNM _ {d) between clinically active (8 cases) and inactive
EaNA2 ﬂ)oz (16 cases) patients. (d) Comparisons of
LMP1 surviving patients without HSCT (6 cases),
mezgc‘ surviving patients with HSCT (10 cases) and
EBERA non-surviving patients (8 cases). The Mann—
BARng M Survivor (HSCT-) Whitney U-test was used to compare the
BZLF E Active BZLF1 P, Surviver (HSCT+) expression values between the groups, while
gp350/220 [___ Inactive | gp350/220 || Non-survivor the analysis of variance was used to compare

10¢ 107 10° 0% 10+ 100 the groups of three.
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Finally, to eliminate any potential influence of therapeutic
interventions, we excluded six patients who had received
therapy before entering our hospital and re-evaluated the
expression of each gene in the remaining 18 patients. The
level of EBNAL expression in the active patients was 8.2
times higher than that in the inactive patients (P=0.03)
and the rate of EBNAI-positive patients was significantly
higher in the active group (83 versus 25 %; P=0.04). We
also re-evaluated the disease outcome in these 18 patients.
No significant difference was observed in the gene
expression profiles between the three groups according to
outcome (data not shown).

DISCUSSION

Analysing the expression profile of EBV-related genes is
essential to clarify the pathogenesis of EBV-associated
diseases and to wuncover information regarding the
prognosis of individual patients and potential therapeutic
interventions. In recent years, a quantitative method for
the analysis of EBV gene expression has been applied to
infectious mononucleosis (Weinberger et al, 2004),
Burkitt’s lymphoma and nasopharyngeal carcinoma (Bell
et al, 2006). In the present study, we quantified the
expression of six latent genes and two lytic genes in 24
patients with CAEBV using one-step multiplex real-time
RT-PCR. To our knowledge, this is the first study to
quantify EBV gene expression in CAEBV patients. EBNAL,
LMP1, LMP2, EBER1 and BARTs were detected in the
patient samples, whereas EBNA2 and the two lytic genes
were not detected. The gene expression pattern was latency
type II, consistent with previous qualitative RT-PCR results
(Kimura et al, 2005). Because the lytic genes BZLF1 and
gp350/220 were undetected, a lytic infection is unlikely in
the peripheral blood of the CAEBV patients. EBER1 and
BARTSs were detected in abundance in all patients, while
LMP2 was found in most patients. EBNA1 and LMP1 were
less frequently detected and had lower expression levels
than EBER1 and BARTSs. These results are in contrast with
similar analyses using T or NK cell lines, in which EBNALI,
LMPI1, LMP2, EBER1 and BARTs were abundantly and
comparably expressed. EBNA1, EBNA2 and EBNA3C are
the dominant targets of CD4™ T-cell responses, while
EBNA3A, EBNA3B and EBNA3C are the dominant targets
of CD8" T-cell responses (Hislop et al, 2007). In those
patients with CAEBV, most or all of these antigens were
not expressed, contributing to the evasion of cellular
immunity. The decreased frequency and low expression
level of EBNA1 may also contribute to the immunological
escape mechanism of CAEBV.

The expression profile identified in this study may be
useful for obtaining information regarding potential
immunotherapies. The EBV-related antigens expressed by
infected cells are possible targets for treatment with EBV-
specific CTLs. Several studies have reported the use of such
therapies for CAEBV, but most have shown only limited
effectiveness (Hagihara et al., 2003; Kuzushima et al., 1996;

Savoldo et al., 2002). These studies used EBV-specific CTLs
that were generated from LCL and targeted latency type III
antigens. Our results indicate that EBER] and BARTSs were
the most frequently and abundantly expressed EBV genes,
followed by LMP2. Because very little EBER1 and BARTSs
mRNA is translated into protein (Arrand & Rymo, 1982;
Kieff & Rickinson, 2007), LMP2 would be the most
favourable target for CTL therapy against CAEBV.
Recently, EBV-specific CTLs targeted against LMP2 were
used to treat Hodgkin’s lymphoma and nasopharyngeal
carcinoma, both of which are latency type II infections
(Bollard et al, 2004, 2007; Straathof et al, 2005).
Furthermore, patients with CAEBV generally lack LMP2-
specific CTLs (Sugaya et al, 2004). However, to develop
effective and useful forms of immunotherapy, additional
studies focusing on the nature of the infected cells and the
underlying pathclogy of CAEBV are necessary.

In this study, we quantified the relative expression of EBV
latent and lytic genes by real-time RT-PCR. There are a few
drawbacks to our system. Firstly, we used f$2-microglobulin
(2 m) as a reference for relative quantification; however,
comparisons of the levels of expression between different
genes may be compromised by variations in the efficiency
of the primers used. Another option for such quantifica-
tion is preparing a standard curve for each ¢DNA by
diluting the plasmid and estimating the number of RNA
copies to quantify the expression of each gene more
accurately. Secondly, we determined the type of latency
based on the patterns of viral gene expression. Promoter
usage for EBNAL1 is different between latency types I/II and
I (Qp versus Cp) (Kieff & Rickinson, 2007). Primers
capable of distinguishing between the two EBNAIL
promoters would enable us to confirm the type of latency
more accurately. Bell et al. (2006) used such a system to
distinguish latency types and quantify gene expression
using different EBNA1 primers.

There are several possible reasons why EBNAL and LMP1
were detected less frequently in our analysis. First, EBV-
infected T or NK cells in some patients with CAEBV may
indeed express very little LMP1 or EBNAL. A previous
experiment performed using nested RT-PCR, which is
sensitive but not quantitative, showed that these genes were
expressed in less than half of CAEBV patients (Kimura et
al., 2005). Second, the sensitivity of the test may be too low
to detect these genes. However, those samples with a low
EBV DNA load in this study were not always negative for
EBNA1 or LMPI, indicating that low sensitivity was not
the only reason that the expression of these genes was not
detected. Moreover, EBV polymorphisms may have
affected our results. Indeed, the primers used for LMP1
are specific for polymorphic regions (Kubota et al., 2008).
However, we used mixed primers for LMP1 to account for
sequence variations, and the EBNA1 primers were designed
to recognize fairly conserved regions. Furthermore, we also
examined EBNAl- or LMPl-negative samples by nested
RT-PCR using alternate primer sets (Kimura et al., 2005).
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Neither EBNA1 nor LMP1 was detected in any of the
samples by nested PCR (data not shown).

EBNAI was detected more frequently and abundantly in
the clinically active patients. EBNAL is the only EBV
protein consistently expressed in all proliferating cells, and
it plays central roles in the maintenance and replication of
the episomal EBV genome. EBNA1 also has a role in cell
growth and survival (Kieff & Rickinson, 2007; Thorley-
Lawson & Gross, 2004). Recently, Saridakis et al (2005)
demonstrated that EBNA1 inhibits apoptosis by binding to
USP7, which destabilizes p53. Together with our results,
these findings suggest that EBNA1 plays an important part
in the pathogenesis and symptoms of CAEBV.

EBV gene expression has been shown to be related to the
prognosis of EBV-associated diseases. Kwon ef al. (2006)
evaluated EBER and LMPI expression in patients with
Hodgkin’s lymphoma, while Tsang et al. (2003} reported a
relationship between the recurrence and detection of LMP1
in patients with nasopharyngeal carcinoma. Similarly, we
evaluated the relationship between EBV gene expression
and the prognosis of CAEBV, but were unable to identify a
significant link. Other factors that may have influenced the
results of this study include the small sample size, short
observation period and therapeutic interventions such as
HSCT. Additional studies with a greater number of cases
and a longer observation period are necessary to reach
conclusions about the prognostic value of EBV gene
quantification for CAEBV. In conclusion, we applied a
real-time RT-PCR system to PBMCs from patients with
CAEBV and identified the expression profiles of several
EBV genes. Quantifying EBV gene expression may be
useful in clarifying CAEBV pathogenesis and provide
further information about therapeutic interventions, such
as CTL therapy.

METHODS

Cell lines. The EBV-positive B cell lines used in this study were Raji,
Akata, lymphoblastoid cell line (LCL)-1 and LCL-2. BJAB, an EBV-
negative B cell line, was used as a negative control. The EBV-positive
T cell lines used were SNT-8, -13, -15 and -16 (Zhang et al, 2003).
The EBV-positive NK cell lines used were SNK-1, -6 and -10 (Zhang
et al., 2003) and KAI-3 (Tsuge et al., 1999). The T/NK cell lines were
derived from patients with CAEBV or nasal NK-/T-cell lymphomas.

Patients. Twenty-four patients (13 males and 11 females) with
CAEBYV, ranging in age from 3 to 26 years (median age 13 years), were
enrolled in this study (Table 1). Each patient met the following
diagnostic criteria: EBV-related symptoms for at least 6 months (e.g.
fever, persistent hepatitis, extensive lymphadenopathy, hepatospleno-
megaly, pancytopenia, uveitis, interstitial pneumonia, hydroa vaccini-
forme or hypersensitivity to mosquito bites), an increased EBV load
in either the affected tissue or peripheral blood, and no evidence of
previous immunological abnormalities or other recent infections that
could explain the condition (Kimura, 2006; Kimura et al, 2001).
Based on the infected cell type, 13 patients were identified as having
T-cell-type CAEBV, while 11 were identified as having NK-cell-type
CAEBV. To determine which cells harboured the most EBV,
peripheral blood mononuclear cells (PBMCs) were fractionated into

CD3™", CD19" and CD56™ cells and analysed by either quantitative
PCR or in situ hybridization, using EBER1 as a probe, as described
previously (Kimura et al, 2001, 2005). The patients were defined as
having a T-cell-type infection if their CD3™ cells contained larger
amounts of EBV DNA than their PBMCs, or if their CD3 " cells gave
a positive hybridization signal with EBERI. The patients were defined
as having an NK-cell-type infection if their CD56" cells, rather than
their CD3* cells, were the major cells harbouring EBV. The EBV
DNA copy numbers in each cell population are shown in Table 1.

Peripheral blood was collected at the time of diagnosis or referral to
our hospital. Six of 24 patients had already received steroid therapy or
chemotherapy. PBMCs were isolated using Ficoll-Paque density
gradients (Pharmacia Biotech) and stored at —80 °C until further use.
Eight patients with severe symptoms such as high fever, distinct
hepatosplenomegaly, and/or elevated hepatic transaminase levels at
the time of sample collection were defined as having clinically active
disease, while 16 patients with no symptoms or with only skin
symptoms, including hydroa vacciniforme, were defined as having
inactive disease. Eight of the patients died after 1-49 months of
observation (median 14 months). Sixteen of the patients, 10 of whom
received HSCT, were alive after 9—-115 months of observation (median
28 months). Twenty-three healthy carrier volunteers who were
seropositive for EBV and three patients with infectious mononu-
cleosis (aged 5, 11 and 29 years) were enrolled as controls.

Informed consent was obtained from all patients or their guardians.
The institutional review board of Nagoya University Hospital
approved the use of the specimens that were examined in this study.

Real-time PCR assay. DNA was extracted from 1x10° PBMCs
using a QIAmp blood mini kit (Qiagen). EBY DNA was quantified by
real-time PCR as described previously. The viral load is expressed as
the number of copies (ug DNA) ™' (Kimura et al., 1999).

RNA was extracted from 1 x 10° cells using a QIAmp RNeasy mini kit
(Qiagen). Contaminating DNA was removed by on-column DNase
digestion using the RNase-free DNase set (Qiagen) (Kubota et al,
2008). Viral mRNA expression was quantified by one-step multiplex
real-time RT-PCR using an Mx3000P real-time PCR system
(Stratagene) as described previously (Kubota et al., 2008). All of the
primer/probe combinations, except those for EBERI lacking amn
intron, were designed to span introns to avoid amplifying residual
genomic DNA. The primer and probe sequences are listed in
Supplementary Table S1 (available in JGV Online). The primers used
for EBNA1, EBNA2, LMP1 and BZLFl, which were described
previously (Kubota ef al.,, 2008), were modified according to sequence
variations amongst the strains. The stably expressed housekeeping
gene 2 m was used as an endogenous control and reference gene for
relative quantification (Patel et al, 2004).

Cell sorting and gene expression analysis. CD3*, CD19" and
CD56" cells were separated from 1x 10”7 PBMCs by immunomag-
netic sorting using anti-CD3, -CD19 and -CD56 MACS Microbeads,
respectively (Miltenyi Biotec). After two rounds of sorting, the purity
of the populations exceeded 95 %. RNA was extracted from each cell
population for real-time RT-PCR analysis. For comparison, RNA was
also extracted from unsorted PBMCs.

Statistical analyses. All statistical analyses were performed using
StatView (version 5.0; SAS Institute). Geometric (logarithmic) means
were calculated for the expression of each EBV gene. For the negative
samples, the default value, which was defined as the lowest level of
expression for a particular gene, was used for the calculation. The
default values for the undetected genes EBNA1, LMP1 and LMP2
were 1075, 107% and 1075, respectively. The Mann—Whitney U-test
was used to compare the expression levels between groups, while
analysis of variance was used to compare three groups. Fisher’s exact
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test was used to compare positive rates of gene expression. A
regression analysis was used to compare the expression of each gene
and the EBV DNA load. P-values <0.05 were deemed to be
statistically significant.
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Serum granulysin as a possible biomarker of natural killer cell

neoplasms

Granulysin is a cytolytic and proinflammatory molecule that is
excreted from cytotoxic T lymphocytes (CTL) and natural
killer (NK) cells. It is synthesized as a 15-kDa molecule and
then cleaved at the amino and carboxy termini to produce an
active 9-kDa form (Pena et al, 1997). Equivalent amounts of
these two forms of granulysin are found in CTL and NK cells.
However, the 9-kDa form is sequestered in cytolytic granules,
while the 15-kDa form is constitutively secreted and more
stable than the 9-kDa form when excreted in vivo. Therefore,
the 15-kDa form constitutes a major portion of serum
granulysin (Ogawa et al, 2003) and is considered to be a
biomarker.

We have previously reported that serum granulysin reflects
on cellular immune capacity (Ogawa et al, 2003), anti-tumour
activity (Nagasawa et al, 2005) and graft-versus-host reaction
in allogeneic transplantation (Nagasawa et al, 2006). Recently,
it has been reported that granulysin is an important mediator
of keratinocyte death in Stevens—Johnson syndrome and toxic
epidermal necrolysis (Chung et al, 2008). Considering that
granulysin is usually expressed in activated CTL, but not in
resting or naive CTL, and constitutively expressed in NK cells,
it was speculated that serum granulysin could be a biomarker
for NK cell-related disease.

In this context, serum granulysin was retrospectively inves-
tigated in a patient with long-term NK type chronic active
Epstein—Barr virus (EBV) infection (CAEBV). Serum granuly-
sin was measured using our previously reported enzyme-linked
immunosorbent assay method (Ogawa et al, 2003).

The patient presented with hydroa vacciniforme at the age of
8 years, and was diagnosed as NK type CAEBV when aged
9 years. In addition to the aggravation of facial skin lesion,

general malaise progressed gradually. She was referred to our
hospital at 16 years of age, and infusion of autologous activated
T cells was started as a cell therapy. As no improvement was
achieved, cytotoxic chemotherapy was started to eradicate EBV-
infected cells. Although EBV load was markedly reduced after
chemotherapy, the skin lesion did not improve and biopsy
revealed the presence of EBV-infected cells (Fig 1B).
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Fig 1. (A) Serum granulysin levels (Grn) and EBV genome load in the
peripheral blood in a patient with NK type CAEBV. (B) EBV-infected
cells in facial skin disappeared after SCT. EBER positive cells are
stained dark brown. Original magnification x400.
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Fig 2. (A) Serum granulysin levels in five NK-type and four T cell-type
(aBT) patients with CAEBV. (B) Expression of granulysin in EBV
infected NK and y8 T cell lines. The monoclonal antibody, RF10
(Ogawa et al, 2003), which reacts with 15-kDa but not 9-kDa gra-
nulysin, was used for Western blotting. Lane number and cell line;
1:SNK1(NK) 2:SNK6(NK) 3:SNK8(y8T) 4:SNK10(NK) 5:SNK11(NK)
6:SNK5(NK) 7:SNK15(y3T) 8:SNK16(y3T) 9:SNK20(y3T).

In order to totally cure this condition, the patient received a
bone marrow stem cell transplantation (SCT) from a human
leucocyte antigen-identical unrelated donor at the age of
18 years. A skin biopsy performed after SCT showed complete
disappearance of EBVinfected cells, and serum granulysin was
reduced to levels within the normal range (1'5 + 3-0 ng/ml;
Fig 1A) (Ogawa et al, 2003).

Correspondence

We also investigated serum granulysin levels in patients with
NK type and T cell-type (opT cell) CAEBV (Kimura et al,
2005). Serum granulysin was elevated in NK type but not in T
cell-type CAEBV (Fig 2A). Interestingly, serum granulysin was
significantly elevated in one patient whose Y T cells were
infected with EBV (data not shown). Next, we investigated the
expression of granulysin in several EBV-infected cell lines that
were established from CAEBV patients. As expected, most of
the NK and Y8 T cell lines expressed granulysin (Fig 2B).
(SNK11 clone was established from the patient described above
and it was clonal in terms of EBV infection). Interestingly,
tumour necrosis factor o (TNF-o) was exclusively excreted
from the granulysin-expressing cell lines, although interferon-y
was produced in all cell lines (data not shown). From these
observations, serum granulysin seems to be a useful biomarker
of NK cell neoplasms and could be a marker of its malignant
transformation, although the NK proliferative diseases exam-
ined here were all EBV-related. Comparison between EBV- and
non-EBV- related NK or y8T cell disorders is also an
interesting issue regarding not only their pathophysiology
but also the mechanism of granulysin regulation, which is not
precisely known yet. Further investigation is required to
determine its clinical use and significance.
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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 commonly 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-, pl6™¥42/p19AFRF.,
and p21°"PYWAFL pyll/wild-type mice revealed that sup-
pressed erythroid cell growth by N-RasE12 was restored only
by p21CPVWAFL deficiency, indicating that a cyclin-depen-
dent kinase (CDK) inhibitor, p21€""/WAF1 ylays 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 occur 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 STATS5 and PI3-K pathways contribute to their
growth and survival to the only limited extent (9). In addition,
although the role of STAT5 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-induced Erythroid Suppression Mediated by p21<"7/WAF1

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™E22, p19ARE and p21CIPY/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 STATS5 or
P13-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“*YWAF! plays crucial roles in
Ras-induced suppression of erythropoiesis using p21 <1/ ¥AF1_
deficient hematopoietic cells.

EXPERIMENTAL PROCEDURES

Cytokines and Reagents—Recombinant human thrombopoi-
etin (thTPO) and recombinant murine interleukin-3 (rmlIL-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 ¢DNAs—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 STATS5A (1*6 STAT5A) (24), and membrane-targeted
PI3-K catalytic subunit (p110<#4¥) (25) were subcloned into
pMYs-IRES-EGEP, 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. Shimeda (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-

AT DN
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tries, Osaka, Japan). We further introduced pMYs-IRES-EGFP-
N-RasE12 and obtained doubly transfected clones by sorting
GFP-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
jodide.

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-Cdkn2a™!R¢p
(p16™**/p19*R*E.null) 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™ /] (p21PFVYWAFL_nyl]) 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-1MCD117M)
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 thTPO (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) a (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 Flow]o 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
v-globulin in PBS), the slides were incubated with a monoclonal
Ab against p16™%* (E-12) or pl9**F (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
1gG 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).

Semigquantitative 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 Il
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. 1A4).
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/
STATS, 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 STAT5A and pl10“A**
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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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
& o 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

p<0.01

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 in the
presence of rmSCF and rhEPO. 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 107 cells/35-mm dish in meth-
ylcellulose medium containing rmSCF, rmiL-3, rmiL-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.

reveals GATA-1 activity in response
to 4-HT as previously reported (22).
As shown in Fig. 3A, 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-

BFU-E, burstforming units-erythroid; CFU-G/M/GM,  colony-forming
granulocyte-macrophage.

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,
rhIL-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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unit-granulocyte/macrophage/

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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MEK1 with the anti-Flag Ab. As
shown in Fig. 4D, immunoblotting
with the anti-Flag Ab showed that
MEK1 was coimmunoprecipitated
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ecules were cotransduced. Also,
immunoblotting with the anti-HA
Ab showed that GATA-1 was coim-
munoprecipitated with MEK1.
Next, to examine whether endog-
enous GATA-1 and MEK interact in
10 primary erythroid cells, we per-
formed a coimmunoprecipitation
analysis using murine BM erythroid
0 cells: Cells positive for CD71 (trans-
ferrin receptor), which is expressed
at high levels on erythroid progeni-
tors, were purified using the MACS
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immunomagnetic separation sys-
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or ratisotype IgG. Fig. 4F shows that
MEK is coimmunoprecipitated with
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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 (C). D, retrovirus-infected LSK cells were seeded at a density of 5.0 X
102 cells/dish in methylcellulose medium containing rmSCF, rmiL-3, and rhEPO. The numbers of BFU-E were
counted after 8 days (n = 3). E, 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 MEKI.
First, we transfected 293T cells with hemagglutinin-tagged
(HA-tagged) GATA-1 and/or Flag-tagged MEK1. Total cellular
lysates were prepared after 36 h, and GATA-1 was immunopre-
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—— Phospho-ERK1/2

GATA-1, indicating that these mol-
ecules actually interact with each
other in primary erythroid cells.

Finally, we investigated whether
MEKI1 directly binds to GATA-1 in
vitro by GST pull-down assays.
After verifying the quality and
quantity of GST-MEK]1 fusion pro-
tein by Coomassie Brilliant Blue
staining (data not shown), we ana-
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
35S-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<"**/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™%,
pl19A%F, and p21€PVWAFL (15, 21). 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
pl6™X % 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,
p21“PYWAFL i 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™ %, p19ARF and p21°"PV/WAFL by semiquantita-
tive/real-time RT-PCR analyses or immunofluorescence. As
shown in Fig. 54 and B, the expression of p16™*** and p19*¥*
was induced in N-RasE12-transduced LSK cells both in mRNA
and protein levels. Also, the expression of p21<F¥/WAF! yag
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 p16"™%*2, p194%F, and/or
p21CIPY/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/
p19“%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-
1197 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
p21 TP WAFL hyll mice. As observed in the other experiments,
N-RasE12 reduced the proportion of CD45""TER-119 " eryth-
roid cells both in WT and p21<""*WAF!_null LSK cells (Fig. 6B,
upper panels). However, p21<"**/WAFL 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<""/¥AFL_null LSK cells compared with
mock-transduced LSK cells (Fig. 6C, lower graph), indicating
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DNA Content

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 S-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-RasE12. To-
gether, these results indicate that
N-RasE12 inhibits erythropoiesis

[CIPWAEL iy 3 p53-independent manner.

through p2

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 PI3-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-ITD (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 STATS5 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. /P, immunoprecipitation; /B, immunoblotting; «, 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). It 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, p19”%F, and p21</7"/WAF!
by oncogenic Ras. A-C, LSK cells transfected with Mock dr 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*% were analyzed by
semiquantitative RT-PCR (A). Immunofluorescence staining of p16™“? and
p19*%F localizations (red) in Hoechst 33342-stained nuclei of GFP™* cells are
shown (magnification, 630 X) (8). The expression levels of p21<"'"WAF! 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 MEK1 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 MEK1, 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

G
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