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analysis, and another MDS patient had received human
leukocyte antigen-matched BM transplantation before the
analysis. Direct Coombs’ test was negative at the time of
examination in all the patients with BMF.

2.5 Statistical analysis

The Tukey's honestly significant difference test and the
Student t test were used for analysis of results or various
parameters among 3-5 groups and between two groups,
respectively. Statistical differences in the frequency of sev-
eral parameters among patients with BMF and/or between
the patients and HV were analyzed by the v? test or the
Fisher’s exact probability test, as appropriate. The relation-
ship between concentrations of serum Hp and white blood
cell (WBC) counts or values of serum iron in AA or MDS
patients, respectively, was analyzed using a correlation
coefficient. A value of P \ 0.05 was considered significant.

3 Results
3.1 Concentrations of serum Hp

The concentrations of serum Hp in AA, MDS, and PNH
patients were 127.6 + 130.4 mg/dL (range 7-551 mg/dL),
73.2 + 743 mg/dL (range 3-430 mg/dL), and 8.8 +
13.0 mg/dL (range 2-85 mg/dL), respectively. There were
significant differences in the values between AA and MDS
patients (P \ 0.002), M™MDS and PNH patients
(P \ 0.0002), AA and PNH patients (P \ 0.0001), HV
(152.4 + 72.7 mg/dL; range 42-304 mg/dL) and PNH
patients (P \ 0.0001), and HV and MDS patients
(P \ 0.0001). The concentrations of serum Hp in severe
AA (n = 9), non-severe AA (n = 45), PNH with subcat-
egory B (n = 29), RA (n = 42), and non-RA (n = 10)
patients were 160.1. = 148.4,121.2 + 127.3, 11.7 + 16.4,
66.0 + 17.0, and 103.4 + 123.6 mg/dL, respectively.
There were significant differences in the values between
severe/non-severe AA and RA/PNH with subcategory B
patients (P \ 0.03) and between non-RA and PNH with
subcategory B patients (P \ 0.03).

The frequencies of AA, MDS, and PNH patients with
low concentrations of serum Hp (\42 mg/dL) were 15/54
(27.8%), 20/52 (38.5%), and 49/50 (98.0%), respectively.
The frequencies with low concentrations of serum Hp in
PNH patients were significantly higher than those in AA
(P \ 0.0001) and MDS (P \ 0.0001) patients. Reduction
of serum Hp level in most PNH patients is probably due to
complement-mediated hemolysis. Only one PNH patient,
who frequently received packed RBC transfusions because
of severe BMF, showed normal concentration of serum Hp,
although he had 1.77% of CD59" erythrocytes.

Table 3 Frequencies of Hp 1-1, Hp 2-1, and Hp 2-2 haplotypes in
156 patients with BMF

Haplotype ~ AA PNH MDS HV
(n=58) (=50 (=52 (n=436)
Hp 1-1 237 1(2.0) 3(5.8) 22 (5.0)
Hp 2-1 18(33.3)  2(40)  16(30.8) 179 (41.1)
Hp 22 24 (445)  0(0) 19(36.5) 235 (53.9)
ND? 10 (18.5) 47 (940) 14 (26.9) 0(0)

Parentheses present the proportions (%) of each haplotype in AA,
PNH, and MDS patients or in HV

 Haplotypes of serum Hp from 10 of 54 AA, 47 of 50 PNH, and 14 of
52 MDS patients were not determined due to too low concentrations of
serum Hp. There was a significant difference in the frequencies of ND
group among AA patients, PNH patients, MDS patients, and HV
(P \ 0.0001). Subsequently, statistical analyses of the frequencies of
ND group between patients with each disorder or between patients
with each disorder and HV indicated that there were significant dif-
ferences in the frequencies of ND group between patients with each
disorder, except for AA and MDS patients, or between patients with
each disorder and HV (all of comparison, P \ 0.0001)

3.2 Haplotypes of serum Hp

Serum Hp in patients with BMF was classified into Hp 1-1,
Hp 2-1, and Hp 2-2 haplotypes by polyacrylamide gel
electrophoresis. The frequencies of each haplotype of
serum Hp in patients with BMF are summarized in Table 3.
Statistical analyses indicated that there were no significant
differences in the frequencies among each haplotype group
of AA patients, PNH patients, MDS patients, and HV,
indicating that there was not any specific Hp haplotype in
each of these disorders.

3.3 Comparison of clinical parameters between low
and normal groups of serum Hp concentrations
in AA and MDS patients

Fifty-four AA and 52 MDS patients were classified into low
and normal groups according to the concentrations of serum
Hp. which include 15 and 39 AA patients, respectively, and
20 and 32 MDS patients, respectively. Low and normal
groups in AA patients or MDS patients had 15.1 + 9.2 mg/
dL (range 7-35) and 170.9 + 129.4 mg/dL (range 42-551)
of serum Hp concentrations (P \ 0.0001), respectively, or
15.8 + 11.4 mg/dL (range 3-38) and 109.1 + 74.5 mg/dL
(range 42-430 mg/dL) of them (P \ 0.0001), respectively.
Various parameters were statistically compared between the
two groups in AA or MDS patients, and the results are
shown in Table 4. As shown in Table 4, there were sig-
nificant differences in WBC, ANC, platelet count, MCV,
and requirement of RBC transfusion between low and
normal groups of Hp concentrations in AA patients, sug-
gesting that decrease of serum Hp might be associated with
destruction of hematopoietic precursor cells in AA,
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Table 4 Comparison of various parameters at the time of examination between low and normal groups of Hp concentrations in AA and MDS

patients

AA (n = 54) MDS (n = 52)

Low(n=15 Nommal(n=39 P Low (n = 20) Normal (n=32) P
Age (years) 49.9 + 20.8 548 + 17.7 ns. 65.6 + 10.4 63.3 + 171 ns.
Sex (female:male) 9:6 21:18 n.s. 9N 12:20 ns.
Duration of illness (months) 107 + 106 70 + 87 n.s. 31 + 42 51 + 49 ns.
WBC (910%/L) 2.48 = 1.10 3.54 £ 1.20 \0.005 3.81 + 2.93 497 + 7.03 n.s.
ANC (910%/L) 1.19 + 0.68 1.99 £ 1.04 \0.01 1.98 + 2.15 2.47 + 3.01 ns.
ALC (910%L) 0.99 + 045 1.23 £ 0.59 ns. 1.29 + 0.55 1.36 = 0.73 ns.
RBC (910%/L) 2.78 £ 0.77 2.87 + 115 n.s. 2.59 + 0.56 3.05 + 0.87 n.s.
Hb (g/L) 97.3 = 243 944 + 37.6 ns. 88.2 + 17.4 103.5 + 27.4 \0.05
Reticulocyte count (910%/L) 54.8 + 17.7 42,8 + 25.6 n.s. 60.8 + 29.3 60.0 = 31.3 n.s.
Platelet count (910%L) 433 + 245 103.5 = 86.4 \0.02 118.7 = 103.7  110.7 + 102.3 n.s.
MCV (fL) 106.3 + 11.0 98.9 + 10.3 \0.03 103.2 = 10.0 1028 £ 9.2 ns.
CD4/CD8 181 £ 1.39 1.49 + 0.97 n.s. 1.71 £ 1.20 1.53 £ 0.79 ns.
CD59" erythrocytes (%) 0.17 £ 0.23 0.13 £ 0.16 n.s. 0.12 + 0.14 0.11 £ 013 n.s.
CD59" granulocytes (%) 0.21 + 0.33 1.26 + 3.95 ns. 0.44 + 0.99 142 = 5.7 n.s.
CD48" monocytes (%) 0.62 + 1.92 1.30 + 4.25 n.s. 0.67 £ 2.19 0.41 + 0.56 ns.
AST (U/L) 248 + 120 23.2 £ 15.2 ns. 251 +£15.2 21.5 £ 10.2 ns.
ALT (UIL) 291 = 23.0 27.1 £ 299 n.s. 256 £ 249 194 £ 173 ns.
LDH (IU/L) 2228 + 46.9 194.8 + 58.2 n.s. 251.1 £ 1051 222.6 + 70.1 ns.
Serum iron (1g/dL) 137.7 + 58.6 1579 + 83.8 n.s. 135.8 + 66.8 949 + 454 \0.02
Serum ferritin (ng/mL) 3242 + 9284 1051 + 1414 ns. 285 = 285 339 + 646 n.s.
BM cellularity® (hypo:normo or hyper) 15:0 39:0 n.s. 7:13 10:22 ns.
Requirement of RBC transfusion (?:-) 1:14 14:25 \0.03 4:16 4:28 n.s.
Grade of the severity 1:14 8:31 ns. NA NA NA
(severe or very severe: non-severe)
Freguency with a thin PNH clone® (7:-)  6:9 17:22 ns. 5:15 9:23 ns.

Abbreviations are explained in Table 1

? BM cellularity only in AA and MDS patients was evaluated at diagnosis

® A thin PNH clone is defined as over upper-limit value of proportions of CD59-negative erythrocytes {more than 0.17% to less than 1%) and/or
granulocytes (more than 0.22%) from HV, calculated by a conventional flow cytometry, but not a high-resoiution flow cytometry

However, there were no significant differences in the fre-
quencies of bone marrow cellularity and grade of severity of
AA between the two groups of AA patients, suggesting that
some other causes besides destruction of hematopoietic
precursor cells might decrease concentrations of serum Hp
in AA. On the other hand, there were significant differences
in concentrations of hemoglobin and values of serum iron
between the two groups in MDS patients, suggesting that
ineffective erythropoiesis in MDS may contribute to low
concentrations of serum Hp. Subsequently, in order to know
the impact of MCV on the concentrations of serum Hp, the
values of MCV among 5 groups, described in Sect. 3.1,
were statistically compared. They were 99.0 + 9.6 fL in
severe AA, 1014 = 11.2fL in non-severe AA,
102.2 + 84 fL in RA, 106.2 + 12.7 fL in non-RA, and
97.9 + 8.5 fL in PNH with subcategory B, and there were
no significant differences in the values among them.

In addition, the relationship between the concentrations
of serum Hp and WBC counts or values of serum iron in 54
AA or 52 MDS patients, respectively, were statistically
analyzed. The results are shown in Fig. 1. The concentra-
tions of serum Hp were positively correlated with the WBC
counts in AA patients (Fig. 1a), suggesting that the number
of WBC may affect the concentrations in AA, while they
were inversely correlated with the values of serum iron in
MDS patients (Fig. 1b), supporting the finding of ineffec-
tive erythropoiesis, described above, in MDS.

3.4 1gG bound to erythrocytes on the cell surfaces
in patients with AA or MDS

The values of 1gG bound to erythrocytes of 32 AA
(n = 15) and MDS (n = 17) patients with low concentra-
tions of serum Hp were measured by IRMA. The values of
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Fig. 1 Relationship between concentrations of serum Hpl and WBC
counts in AA patients (a) and between concentrations of serum Hpl
and values of serum iron in MDS patients (b). The vertical axis
represents the WBC count and value of serum iron in a and b,
respectively, and the horizontal axes represent the concentrations of

IgG bound to erythrocytes in AA and MDS patients were
76.5 + 64.5 and 93.5 + 60.8 molecules/RBC, respec-
tively, and the values in 20 HV were 43.3 + 18.8 mole-
cules/RBC. There were significant differences in the values
only between HV and MDS patients (P \ 0.02).

Three (20%) of 15 AA patients and 5 (29.4%) of 17
MDS patients revealed the values (121, 138, and
270 molecules/RBC in AA patients; and 133, 152, 248,
175, and 170 molecules/RBC in MDS patients) of over
100 molecules/RBC, but none of HV indicated the values
of them. There were significant differences in the fre-
quencies with high values of 1gG only between HV and
MDS patients (P \ 0.02). Then, all the patients with the
values of over 100 molecules/RBC, described above, had
the decreased concentrations of serum Hp (10, 10, and
29 mg/dL, respectively, in AA patients; and 19, 23, 10, 10,
and 6 mg/dL, respectively, in MDS patients), while the
increased values of serum LDH were found in one AA and
one MDS patients. In addition, only one AA patient of 8
AA and MDS patients, who had the values of over
100 molecules/RBC, was dependent on RBC transfusions
at the time of examination.

4 Discussion

In this study, we found that the frequencies of AA and
MDS patients with low concentrations of serum Hp were
27.8 and 38.5%, respectively, and that the concentrations
of serum Hp was significantly lower in MDS patients than
in AA patients. Then, there were no significant differences
in the frequencies of Hp 1-1, Hp 2-1, and Hp 2-2 haplo-
types between AA or MDS patients and HV (Table 3) and
no significant differences in the concentrations of serum
Hp between AA patients and HV. It is well known that the

c - T L] ¥ v 1 1
(¢} 100 200 300 400 S00
Serum Hp (mg/dL)

serum Hp in both a and b. The concentrations of serum Hp were
positively correlated with the WBC counts (r = 0.3165, P \ 0.02),
but not ANCs, in AA patients, while inversely correlated with the
values of serum iron (r = -0.4181, P \ 0.003) in MDS patients

decrease of serum Hp is due to mainly ineffective eryth-
ropoiesis in MDS patients [10, 11]. In fact, we found the
inverse correlation between concentrations of serum Hp
and values of serum iron (Fig. 1b) and decrease of hemo-
globin concentrations and increase of serum iron in the
group with low concentrations of serum Hp compared with
the group with normal concentrations of it in MDS patients
(Table 4), probably suggesting certain existence of some
ineffective erythropoiesis. In addition, we found that the
values of 1gG bound to erythrocytes in MDS patients sig-
nificantly increased compared with those in HV, and that
the frequencies of MDS patients with the values of over
100 molecules/RBC were significantly higher than those of
HV. Shimamoto and Ohyashiki [28] reported in the review
that the frequencies of MDS patients with autoimmune
disorders, including Coombs-positive autoimmune hemo-
Iytic anemia (AIHA), and with Coombs-positive AIHA
alone were 10.5% (16/153) and 3.3% (5/153), respectively.
In this study, the frequencies of the former and latter were
7.7% (4/52) and 1.9% (1/52), respectively (Table 2). For
the first time, our report indicated the high frequency of
MDS patients with Coombs-negative AIHA, who had the
values of over 100 molecules/RBC determined by IRMA
[29] and presented low concentrations of serum Hp, sug-
gesting that Coombs-negative AIHA in MDS also con-
tributes to part of decrease of serum Hp.

In contrast, to our knowledge, there are no reports about
the frequencies of AA patients with low concentrations of
serum Hp and how the concentrations of serum Hp
decrease in these patients. We found that WBC counts,
ANCs, and platelet counts in the group with low concen-
trations of serum Hp significantly decreased compared with
those with normal concentrations of it in our AA patients
(Table 4). Although these findings may suggest the possi-
bility that the decrease of serum Hp might be due to the
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consumption of Hp in conjunction with destruction of
hematopoietic precursor cells, including erythroblasts, by
autoimmune attacks of cytotoxic T lymphocytes or natural
killer cells, it is difficult to explain the correct their
mechanisms. Subsequently, we found a significant corre-
fation between concentrations of serum Hp and WBC
counts in our AA patients (Fig. 1a). Recently, Theilgaard-
Moénch et al. [30] reported that neutrophil-derived Hp is
primarily synthesized in myelocytes and metamyelocytes
during granulocyte differentiation, stored in specific gran-
ules of fully differentiated neutrophils, and exocytosed
immediately in response to activation, suggesting that the
production of Hp by immature granulocytes or store of Hp
by mature granulocytes in addition to hepatocytes may
partially contribute to concentration of serum Hp. This fact
may lead to the possibility that low concentrations of serum
Hp in AA patients is associated with the decrease of ANCs
following the decrease of immature granulocytes. Unfor-
tunately, we were not able to find a significant correlation
between concentrations of serum Hp and ANCs in our AA
patients (r = 0.2415; P = 0.08). Moreover, we found that
some AA as well as MDS patients had Coombs-negative
AIHA, by which extravascular hemolysis might contribute
to the decrease of serum Hp in these patients. Finally, we
found that low concentrations of serum Hp in AA and MDS
are caused by some mechanisms, as described above.
However, in AA and MDS patients, there were no signif-
icant differences in the frequencies having a small popu-
lation {(\1%) of CD59" erythrocytes between the group
with low concentrations of serum Hp and the group with
normal concentrations of it (Table 4), suggesting that a
small population of CD59" erythrocytes does not strongly
contribute to decrease of serum Hp in AA and MDS.

We found that there were significant differences in the
values of MCV only between PNH and MDS patients
(Table 1). This result was thought to be related to the
findings that PNH, especially like subcategory A, fre-
quently develops iron deficiency anemia and that increased
MCYV is one of predictive factors diagnosing MDS, which
includes various subcategories [31]. Although it was con-
sidered that increased MCV in MDS is mainly due to
ineffective erythropoiesis, we found that there were no
significant differences in the values of MCV between low
and normal groups of Hp concentrations in MDS patients
(Table 4), suggesting the other factors, as described above,
besides ineffective erythropoiesis increasing values of
MCV in MDS. In contrast, it has been reported that in AA,
the appearance of increased MCV reliably predicts good
response to immunosuppressive therapy and late compli-
cations of PNH and MDS by it [32, 33]. We found that
value of MCV or frequency of requirement of RBC
transfusions was significantly higher or lower, respec-
tively, in low group of Hp concentrations than in normal

group of them in AA patients (Table 4), suggesting that
AA patients with increased MCV may have ineffective
erythropoiesis and good response to immunosuppressive
therapy.

In conclusion, our findings suggest that almost all PNH
patients with over 1% GPI-deficient erythrocytes had lower
concentrations of serum Hp probably due to complement-
mediated hemolysis, but part of AA and MDS patients also
had lower concentrations of serum Hp due to leukocyto-
penia and ineffective erythropoiesis, respectively, but not
complement-mediated hemolysis of below 1% GPI-defi-
cient erythrocytes, in addition to hemolysis in conjunction
with Coombs-negative AIHA.
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Abstract Dyskeratosis congenita (DC) is an inherited
disease associated with nail dystrophy, abnormal skin
pigmentation, oral leukoplakia, bone marrow failure and a
predisposition to cancer. DC is a disease of defective
telomere maintenance and patients with DC have very
short telomeres. To date, mutations in six genes of telo-
merase and telomere components have been identified in
patients with DC. Recently, mutations in telomerase and
telomere components were also identified in patients with
aplastic anemia, pulmonary fibrosis, and liver diseases who
did not have mucocutaneous manifestations. These findings
imply that defective telomere maintenance may cause not
only classical DC but also a broad spectrum of diseases
previously thought to be idiopathic, and have led to a new
concept of diseases, termed “syndromes of telomere
shortening”. An understanding of the role of telomeres in
these diseases is indispensable for diagnosis, genetic
counseling and clinical management.

Keywords Dyskeratosis congenita - Telomere -
Telomerase - Bone marrow failure

1 Introduction

Elizabeth Blackburn, Carol Greider, and Jack Szostak were
awarded the 2009 Nobel Prize in Physiology or Medicine
for their work describing telomeres and telomerase [1, 2].
Telomeres are DNA-protein structures that protect
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chromosome ends, which consist of a TTAGGG repeat
bound by a cap protein, shelterin. Telomeres cannot be
replicated by standard polymerase but only by a specialized
transcriptase, called telomerase.

Dyskeratosis congenita (DC) is a rare inherited multi-
system bone marrow failure syndrome characterized mainly
by mucocutaneous abnormalities including nail dystrophy,
mucosal leukoplakia, and abnormal skin pigmentation,
along with a predisposition to cancer. Patients with DC have
very short germ-line telomeres compared with normal indi-
viduals due to a defect of telomere maintenance. DC has been
receiving increased attention because “telomere mainte-
nance” is closely associated with life events, including aging
and cancer predisposition. Recently, mutations in telomerase
and telomere components were also identified in patients
with aplastic anemia (AA), pulmonary fibrosis, and liver
diseases who did not have mucocutaneous manifestations
[3-13]. These findings implicate that defective telomere
maintenance causes not only classical DC but also a broad
spectrum of diseases previously thought to be idiopathic, and
have lead to a new concept of diseases, termed “syndromes
of telomere shortening”.

In this review, we will discuss recent progress in the
understanding of the pathophysiology of DC and other
telomere diseases, as well as treatment for these diseases
including stem cell transplantation.

2 Dyskeratosis congenita

The incidence of classic DC is approximately 1/1,000,000
individuals [14]. Classic DC presents with a triad of

mucocutaneous abnormalities in around 80-90% of
patients; abnormal skin pigmentation, nail dystrophy and
oral leukoplakia [15]. Skin pigmentation and nail changes
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usually appear in childhood followed by oral leukoplakia
and bone marrow failure, which develop by the age of
20 years. Other clinical manifestations, including non-
mucocutaneous abnormalities, have also been reported.
Non-mucocutaneous features such as bone marrow failure
and pulmonary fibrosis occasionally precede mucocutane-
ous abnormalities, making it difficult to diagnose patients
with DC based on clinical features alone. The diagnostic
criteria for DC proposed by Vulliamy [16] include one or
more of the three classic mucocutaneous features combined
with hypoplastic bone marrow and at least two other
somatic features known to occur in DC. The main causes of
death in patients with DC are bone marrow failure/immu-
nodeficiency (60-70%), pulmonary complications (10-15%),
and malignancy (10%) [17, 18].

Until now, mutations in six genes involved in telomere
maintenance have been identified in patients with DC.
Figure 1 shows the schema of telomerase and shelterin
complex. DKC1 gene, encoding dyskerin, is the first gene
identified in X-linked DC patients [19]. Dyskerin has a
close association with the RNA component of telomerase
(TERC), and mutations in dyskerin cause a reduction in
accumulation of TERC and reduced telomere length [20].
In addition to its role in the biogenesis of telomerase RNA,
dyskerin is involved in ribosomal RNA biogenesis. Dysk-
erin catalyzes uridine to pseudouridine, which is a critical
step for ribosomal RNA maturation and function. These
findings imply that both telomere and ribosomal defects
may occur in patients with DKC1 mutations. Subsequently,
heterozygous TERC mutations were found in autosomal
dominant DC patients [21]. Mutation screening demon-
strated mutations of other components of telomerase
complex including telomerase reverse transcriptase (TERT)

Fig. 1 Schema of telomerase
and shelterin complex.
Telomerase complex consists of
the enzyme telomerase
transcriptase (TERT), RNA
component (TERC), and
dyskerin protein complex
(dyskerin, NOP10, NHP2, and
GAR1). TERT adds new
telomeres (TTAGGG repeats)
onto the chromosome end by
using the template provided by
TERC. The shelterin complex
consists of six proteins (TRFI,
TRF2, RAPIL, POT1, TPPI, and
TIN2) and protects telomeres
and regulates telomerase
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[22, 23], NOP10 [24], and NHP2 [25] in patients with rare
autosomal recessive DC. Mutations of TERT were also
reported in the autosomal dominant family [8]. More
recently, heterozygous mutations of 7INF2 encoding TIN2,
main component of shelterin which protects telomeres,
have been identified in ~11% of DC patients [5, 26].

3 Gene mutations of telomere maintenance in aplastic
anemia and other bone marrow failure syndromes

Patients with DC have disease diversity in terms of age at
onset, symptoms, and severity; this diversity occurs even
among the patients with the same gene mutation. Bone
marrow failure sometimes precedes mucocutaneous mani-
festations in patients with DC, and a substantial proportion
of patients with AA have shorter telomeres compared with
normal individuals [27, 28]. These observations prompted
screening for gene mutations responsible for telomere
maintenance in patients with AA and other bone marrow
failure syndromes. This screening identified mutations in
TERC and TERT in 3% of patients with AA [7, 9]
(Table 1). We also identified TERT mutations in 2 of 96
Japanese children with AA, but no patient had a TERC
mutation [6]. Patients with TERC or TERT mutations have
very short telomeres in blood cells. Recently, Du et al. [4]
found that 6 (5.5%) of 109 pediatric patients with severe
AA had mutations of TINF2. We also screened for muta-
tions of TINF2, but none of 96 pediatric patients with AA
showed mutations of this gene (unpublished data).
Among three methods of measuring telomere length,
including southern blot, real-time polymerase chain reac-
tion, and flow cytometry and fluorescence in situ

TPP1

POT1
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Table 1 Mutations of genes associated with telomere maintenance
identified in patients with aplastic anemia

References Gene Number of mutated and
screened patients

Vulliamy et al. [10] TERC 2/17 (12%)

Vulliamy et al. [8] TERT 2/80 (2.5%)

Yamaguchi et al. [9] TERC 2/150 (1.3%)

Yamaguchi et al. [7] TERT 71200 (3.5%)

Savage et al. [50] TERF1 1/47 (2.1%)
TERF?2 1/47 (2.1%)

Liang et al. [6] TERT 2/96 (2.1%)

Walne et al. [51] TINF2 2/111 (1.8%)

Du et al. [3] TERT 4/199 (2.0%)

Du et al. [4] TINF2 6/109 (5.5%)

25 1

relative telomere length (%)
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Fig. 2 Relative telomere length in peripheral blood lymphocytes
from patients with dyskeratosis congenita (filled circles), patients with
aplastic anemia harboring TERT mutations (filled squares), patients
with idiopathic aplastic anemia (filled argyles) and normal individuals
(open triangles). Telomere lengths were measured by flow cytometry-
fluorescent in situ hybridization (flow-FISH). Relative telomere
length was calculated as the ratio between the telomere signal of
each sample and the telomere signal of the control cell line (cell line
1301). These data are from the Department of pediatrics, Nagoya
University Graduate School of Medicine

hybridization (flow-FISH), flow-FISH is the most appro-
priate for “prospective” screening [29, 30]. As shown in
Fig. 2, patients with DC and AA with the TERT mutation
demonstrated very short telomeres as compared with
idiopathic AA patients and normal individuals. Given the
finding that a small subset of patients with apparently idio-
pathic AA carry telomere gene mutations and recognizing
these patients is critical to treatment decisions, it is desir-
able to screen telomere gene mutations routinely in patients
with AA before starting treatment. However, because
screening of gene mutations is laborious and time-
consuming, we have adopted screening of telomere length
in blood cells instead of gene mutations.

It should be noted that short telomeres are not specific
for patients with DC but are also seen in patients with bone

marrow failure syndromes. Although short telomeres are
also found in patients with other congenital bone marrow
failure syndromes, such as Shwachman-Diamond syn-
drome and Fanconi anemia, telomere length in patients
with DC is the shortest compared with other bone marrow
failure syndromes. In fact, telomere length in most patients
with DC is below the first percentile of telomere length
found in healthy controls [31].

Family members of patients with DC should receive
genetic counseling to rule out if they are silent carriers. In
particular, genetic counseling is necessary during the pro-
band search for a donor for hematopoietic stem cell
transplantation. Sometimes, telomere length analysis in
families with DC demonstrates that mutated carriers with
clinical signs of bone marrow failure have the short telo-
meres. However, telomere length cannot predict the pres-
ence or absence of a mutation in family members with bone
marrow failure. There are rare cases that show normal
telomere length even though they harbor the same mutation
as the proband, suggesting that mutation alone does not
sufficiently shorten the telomeres [3].

4 Telomere diseases other than bone marrow failure
syndromes

Clinical manifestations in patients with DC include not
only bone marrow failure, but also other organ failures.
Progressive pulmonary fibrosis develops in around 10-15%
of patients with DC [17, 18], and is the second most
common cause of death. Respiratory failure is also a
common fatal complication after hematopoietic stem cell
transplantation. Idiopathic pulmonary fibrosis (IPF) is an
adult-onset, progressive scarring of the lung of unknown
etiology that ultimately leads to respiratory failure. From 2
to 20% of patients with IPF have a family history of the
disease that is inherited as an autosomal dominant trait with
variable penetrance [12, 32]. Because some individuals in a
pedigree of DC had the IPF phenotype, Armanios et al.
[12] hypothesized that TERC or TERT may be candidate
genes for familial IPF. They screened 73 probands of IPF
and found 6 (8%) had heterozygous mutations in TERT or
TERC. Tsakiri et al. [11] also independently found three
missense mutations and one deletion of TERT genes in 44
probands of familial IPF and an additional single mutation
in 44 sporadic cases of IPF. These mutant telomerase
resulted in short telomeres. However, these patients did not
show any classic mucocutaneous manifestations of DC.
Liver diseases have been also described as one of the
clinical presentations in patients with DC. Some patients
with DC develop severe liver complications after hemato-
poietic stem cell transplantation even if they have a normal
liver function at the time of transplant [33]. In parallel with
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Mucocutaneous
abnosmalities

Fig. 3 Schema of phenotypic variations and identified gene muta-
tions in defective telomere maintenance

reports of familial IPF, Calado et al. [13] reported that
many relatives of patients with AA and a telomerase
mutation had liver diseases, including pathologic fibrosis
with inflammation and nodular regenerative hyperplasia.
These patients did not present symptoms in childhood or
display the characteristic physical abnormalities of DC, but
had very short telomeres. These authors proposed that these
disorders be collectively considered as ‘“syndromes of
telomere shortening”. Figure 3 shows the schema of phe-
notypic variations and identified gene mutations in defec-
tive telomere maintenance.

5 Telomere shortening, chromosome instability
and cancer predisposition

Patients with DC are prone to hematological malignancies and
other solid tumors [17]. The defect of telomere maintenance
and telomere attrition leads to chromosomal instability such as
loss or gain of chromosomes and end-to-end fusion in in vitro
studies and mouse models [34, 35]. Alter et al. recently
reported that the expected cancer risk is 11-fold higher in
patients with DC compared with the general population. The
most frequent solid tumors were head and neck squamous cell
carcinomas followed by skin and anorectal cancer [36].

Even outside DC, telomere attrition appears to cause
chromosomal instability and cancer predisposition. Calado
et al. [37] recently reported that patients with AA with
shorter telomeres at diagnosis had a sixfold higher proba-
bility of developing clonal malignant disease following
immunosuppressive therapy than patients with longer
telomeres. They also showed that cultured bone marrow
cells of patients with short telomeres in the presence of
cytokines and high-dose granulocyte-colony stimulating
factor (G-CSF) demonstrated increased telomere-free
chromosomal ends and aneuploidy and translocations,
including Robertsonian translocations.

@ Springer

Because patients with DC have been thought to be prone
to myeloid malignancy, a screening for TERT and TERC
mutations in patients with acute myeloid leukemia (AML)
was conducted by the NIH group [38]. The authors found
constitutional TERT mutations in 9% of patients with AML
and a strong association of TERT mutations with the risk of
cytogenetic abnormalities including trisomy 8 and inver-
sion 16. None of the AML patients with TERT mutations
had physical abnormalities that led to a suspicion of DC.

In addition, short telomeres have been linked to
tumorigenesis of several solid tumors, including esopha-
geal cancer, colorectal cancer, gastric cancer [39], and lung
cancer [40]. Recent genome-wide studies demonstrated a
higher frequency of TERT gene polymorphism in these

patients than in normal individuals [41, 42].

6 Treatment of bone marrow failure

Bone marrow failure and immune deficiency are the most
common causes of death in up to 60-70% of patients with
DC. Androgen (e.g. oxymetholone) has been used to
improve cytopenia in patients with DC since the 1960s.
However, the mechanism of action of androgen has not
been well understood until recently. Calado et al. [43]
showed that in vitro exposure of normal peripheral blood
cells to androgen produce higher TERT mRNA levels, and
cells from patients who had heterozygous mutation of telo-
merase restored their low baseline telomerase activity to
normal levels. As telomere shortening is closely associated
with malignant disease, androgen therapy might prevent or
postpone the development of various types of cancers.
Erythropoietin and/or G-CSF combined with androgen has
occasionally provided transient hematopoietic recovery to
poor responders to androgen alone [44]. However, this
combination should be used with caution because severe
splenic peliosis and fatal rupture have been reported in two
patients with DC who received simultaneous administra-
tion of androgen and G-CSF [45].

Allogeneic hematopoietic stem cell transplantation is
the only curative treatment for bone marrow failure in
patients with DC. However, the outcome in previous
reports has been disappointing because of unacceptable
transplant-related toxicities, including severe pulmonary/
liver complications, especially in transplants from an
alternative donor [36, 46]. To avoid these complications,
non-myeloablative conditioning regimens have been
recently used in several cases. Dietz et al. [47] reported
encouraging results of six patients with DC who received a
fludarabine-based non-myeloablative regimen. Four
patients are alive, three of whom were recipients of unre-
lated grafts. Non-myeloablative transplants are expected to
provide improvement in short-term survival. However,
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longer-term follow-up is necessary because the late effects
of conditioning agents and allogeneic immune responses
within the recipient’s organs, such as the lung and liver,
remain to be clarified.

7 Future direction

Since the review article concerning DC was published by
Walne et al. [14] in 2005 in this journal, many advances
have occurred in the understanding of DC; however, many
unsolved issues remain. Six causative genes have been
identified, but mutations of these genes have been found in
only half of patients with DC. Telomere-related gene
mutations have been identified in patients with not only DC
but also in patients with idiopathic AA, pulmonary fibrosis,
and liver disease. These findings indicate that telomere-
related diseases have a broad spectrum and may represent a
new disease entity. A recent study demonstrated that
exogenous expression of TERC alone can increase telo-
mere activity and create growth potential and longevity in
both TERC mutant and DKCI mutant cells [48]. More
recently, Agarwal et al. [49] established induced pluripo-
tent stem cells derived from a patient with DC and showed
that the reprogrammed DC cells overcome a critical limi-
tation in TERC levels to restore telomere maintenance and
self-renewal. These findings indicate that drugs or gene
therapy that can upregulate TERC activity have attractive
therapeutic potential in patients with DC. Multicenter
prospective studies are warranted to establish appropriate
conditioning regimens aimed at reducing transplant-related
mortality. We should improve not only short-term out-
comes, such as hematological recovery, but also long-term
effects on vital organs, especially the lungs and liver, fol-
lowing stem cell transplantation.
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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-1™CD117") 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 STATS5 or phosphatidylinositol 3-kinase
(P13-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™N¥%2/p19ARF.
and p21CIPVWAFL pyll/wild-type mice revealed that sup-
pressed erythroid cell growth by N-RasE12 was restored only
by p21€'P}/WAFL deficiency, indicating that a cyclin-depen-
dent kinase (CDK) inhibitor, p21<"**/WAFL 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

* This work was supported by grants from the Ministry of Education, Science,
Sports, and Culture and Technology of Japan.

ElThe on-line version of this article (available at http://www.jbc.org) contains
supplemental Table S1 and Methods.

' To whom correspondence should be addressed. Tel.: 81-6-6879-3871; Fax:
81-6-6879-3879; E-mail: sezoe@bidon.med.osaka-u.ac jp.

2 The abbreviations used are: TK, tyrosine kinase; CML, chronic myelogenous
leukemia; PV, polycythemia vera; HSC, hematopoietic stem cell; LSK,
Lineage Sca-1"CD117"; BM, bone marrow; CDK, cyclin-dependent
kinase; rh, recombinant human; TPO, thrombopoietin; rm, recombinant
murine; EPO, erythropoietin; SCF, stem cell factor; G1ERT, GATA-1/ERT;
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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 STAT5 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 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,
p16"™K4, p19ARF and p21<'P/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 STAT5 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<""*WAF! plays crucial roles in
Ras-induced suppression of erythropoiesis using p21<!F1/WAFL
deficient hematopoietic cells.

EXPERIMENTAL PROCEDURES

Cytokines and Reagents—Recombinant human thrombopoi-
etin (rhTPQO) 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 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 STATS5A (1*6 STAT5A) (24), and membrane-targeted
PI3-K catalytic subunit (p110<44%) (25) were subcloned into
pMYs-IRES-EGFP, 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
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
iodide.

Luciferase Assays—Luciferase assays were performed with a
Dual-Luciferase Reporter Assay System (Promega, Madison,
W) 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™!RP
(p16™5*2/p19ARF_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"™'™//] (p21<""VWAFL_qyll) 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-1MCD117")
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) « (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
y-globulin in PBS), the slides were incubated with a monoclonal
Ab against p16"™¥** (F-12) or p19**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
IgG for p19ARF), 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 I1I
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-
ta] 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
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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. 14).
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 notJAK2 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 STATS5, and p1104** for
PI3-K. Compared with Mock, 1*6 STAT5A and p110“AAX
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 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 102 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 (left) and myeloid/erythroid colony numbers (right, n = 3) are shown.
unit-granulocyte/macrophage/

BFU-E,  burst-forming CFU-G/M/GM,

granulocyte-macrophage.
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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. GI1ERT
reveals GATA-1 activity in response
to 4-HT as previously reported (22).
As shown in Fig. 34, N-RasE12
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-1 in
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
CDA45""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
107 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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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
**S-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 MEKI.

Oncogenic Ras Induces Suppression of Erythropoiesis through
the Induction of p21<"""/WA4F! _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™ %,
pl9ARF, 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
p16™ ** and inhibits the function of H/MDM2, which pro-
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that p21<P1/WAFL i5 3 major regula-
tor of N-RasE12-induced suppres-

4-HT (1) sion of erythropoiesis.

3001 Because the expression of

p21CIP/WAFL s regulated in p53-
2001 dependent and independent man-
ners (31-33), we finally investigated

8.2 % the roles of p53 in N-R i
oo —_= " p53 in N-RasEl2-in-
duced suppression of erythropoiesis
783 % with the similar experiment. As

A B

P

= 5.0 -

= 4-HT ()
=404 O 4HTO 00

% * 4HT(+) s

= 30 Z | ool

¢ S 36.3 %
= 2.0 o —
= > | 2004

= £

Z 1.0 1 T

5 =

S 9 Y0 0 400 600 800 1000
Z "o 1 2 3 4

0 T T T
0 200 400 600 800 1000

shown in Fig. 6C, the proportion
and number of erythroid cells in

Days

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€"PVWAFL 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™N 42, p19ARF and p21<TV/WAFL by semiquantita-
tive/real-time RT-PCR analyses or immunofluorescence. As
shown in Fig. 54 and B, the expression of p16"™%** and p19~RF
was induced in N-RasE12-transduced LSK cells both in mRNA
and protein levels. Also, the expression of p21<!"VWAF! wag
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, p19”R¥, and/or
p21€IPV/WAFL 1isht 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™**?/
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 ({ower graph), this differ-
ence was not significant.

We also introduced N-RasE12 into LSK cells isolated from
p21“IFVWAFL qyll mice. As observed in the other experiments,
N-RasE12 reduced the proportion of CD45"“TER-119™" eryth-
roid cells both in WT and p21<'"1/WAF!_nyll LSK cells (Fig. 6B,
upper panels). However, p21'"*/¥*F1 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_nyll 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 um4-HT. Total numbers of viabie 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-RasEl2. To-
gether, these results indicate that
N-RasE12 inhibits erythropoiesis

through p21<"FV/WAFL in 4 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 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 STATS5 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. IP,immunoprecipitation; /8, immunoblotting; «, anti. £, total cellular lysate
was prepared from murine BM CD71* 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™42, p19*%, and p21/P/WAF!
by oncogenic Ras. A-C, LSK cells transfected with Mock or N-RasE12 were cul-
tured with rmSCF, rmlIL-3, and rhEPO for 2 days. Total RNA was isolated from
GFP™ cells, and the expression levels of p16™<** and p19"*F 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, 630X) (B). The expression levels of p21<'"' VA" 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) ().

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 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<'"""WAF! but not p53 or p16™***/p19°"F 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
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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™<*2, p19ARF, K 1APIWAR 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<""""WAF! s a 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*** and p21€'PY/WAFL and a tumor-suppressor,
pl9*®¥, which consequently activate both p53 and pRb
pathways. Among these molecules, we here found that
p21<IPVWAFL i 3 major player of Ras-induced suppression of
erythropoiesis (may well be called nearly equal to senes-
cence). Although p21<'"PVWAFL s 4 transcriptional target of
p53 (51), p53 deficiency did not cancel Ras-induced suppres-
sion of erythropoiesis. So, p53-independent expression of
p21 €Y WAFL wag 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
p21C'PV/WAFL (50) PKC may be a candidate molecule
involved in Ras-induced expression of p21€FPYWAFL anq
consequent suppression of erythropoiesis.

Mutation and/or deletion of the p53 gene and the INK4a/
ARF locus are frequently observed in CML blast phase (1), but
to our knowledge, there is no report demonstrating the
inactivation of the p21<'"'"YA*! gene. So, our findings that
p21€"PYAF byt not p53 or p16™<42/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

JOURNAL OF BIOLOGICAL CHEMISTRY 31781

L10Z ‘2 USIBN U0 *ALISHIAINN WMVYSO e B10°0g["mmm woyy pepeojumoq



Leukemia (2010) 24, 748-755
& 2010 Macmillan Publishers Limited Al rights reserved 0887-6924/10 $32.00

www.nature.com/leu

ORIGINAL ARTICLE

Lenalidomide induces cell death in an MDS-derived cell line with deletion of

chromosome 5q by inhibition of cytokinesis

A Matsuoka', A Tochigi "M Kishimoto!, T Nakahara', T Kondo', T Tsujioka', T Tasaka', Y Tohyama2 and K Tohyamat

'Department of Laboratory Medicine, Kawasaki Medical School, Okayama, Japan; and “Division of Biochemistry, Faculty of
Pharmaceutical Sciences, Himeji Dokkyo University, Hyogo, Japan

Myelodysplastic syndromes (MDS) are a group of hematopoietic
stem cell disorders characterized by refractory cytopenias
and susceptibility to leukemic transformation. On a subset of
MDS patients with deletion of the long arm of chromosome5
(del(5q)), lenalidomide exerts hematological and cytogenetic
effects, but the underlying pharmacological mechanisms are
not fully understood. In this study, we have investigated the
in vitro effects of lenalidomide on an MDS-derived cell line,
MDS-L, which carries del(5q) and complex chromosome
abnormalities. We found that the growth of MDS-L cells was
specifically suppressed mainly by apoptosis, and in addition,
multinucleated cells were frequently formed and finally died
out in the presence of lenalidomide. Time-lapse microscopic
observation and the DNA ploidy analysis revealed that
lenalidomide does not affect DNA synthesis but inhibits
cytokinesis of MDS-L cells. The gene expression profile
showed decreased expression of M phase-related genes
such as non-muscle myosin heavy-chain 10, polo-like kinase
1, aurora kinase B, citron kinase and kinesin family member
20A(KIF20A). Interestingly, KIF20A is located at 5q31. These
data contribute to the understanding of action mechanisms of
lenalidomide on MDS with del(5q) and complex abnormalities.
Leukemia (2010) 24, 748-755; doi:10.1038/leu.2009.296;
published online 4 February 2010

Keywords: myelodysplastic syndrome; lenalidomide; cytokinesis;
del(5q)

Introduction

The myelodysplastic syndromes (MDS) are a group of hemato-
logical disorders as a result of clonal growth of pathological
stem cells and ineffective hematopoiesis." Chromosomal abnor-
malities in marrow cells are found in 40-60% of MDS patients,
and deletion of chromosome 5q (del(5¢) /5q-) occupies 10-20%
of the abnormalities.” Van den Berghe et al. reported a subtype
of refractory macrocytic anemia characterized by isolated
del(5q), normal or elevated platelet counts, abnormal hypo-
lobated megakaryocytes and rare progression to acute myeloid
leukemia.? This ‘5¢- syndrome’ is described as an independent
clinical entity in the World Health Organization classification of
MDS.!

Although the deleted area of 5q is different in case by case,
del(5)q32¢33) is considered as a common deleted region.”®
The common deleted region expected in patients with
5¢- syndrome is located distal to the region recognized in
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higher-risk groups with deli5q) that are susceptible to leukemic
transformation.” Several hematopoiesis-related genes and tumor
suppressor genes are located at 5q locus, and SPARC’
CTNNAT® EGR1,% RPS14' and CDC25C'" are reported as
the candidate genes of MDS with del(5q) or 5¢- syndrome.

Lenalidomide, a derivative of thalidomide, is shown to
exert plenty of biological actions including inhibition of
angiogenesis,'*  suppression of proinflammatory  cytokine
production such as TNF-x,"? enhancement of T- and NK-cell
activation."™ " Lenalidomide also brings about the improvement
of erythropoiesis on MDS patients with del(5g) and in addition it
is capable of eradicating the abnormal del(5q) clone."” Hence
this drug has been paid attention as a specific therapeutic agent
for MDS with del(5q). It is reported that lenalidomide inhibits
the growth of CD34-positive cells having del(5q)" or Burkitt
lymphoma cell lines'® and that SPARC is upregulated by
lenalidomide treatment,” but at present the target gene(s) of
lenalidomide and its underlying action mechanisms are not
determined vyet.

In this study, we investigated the in vitro effects of
lenalidomide on MDS-L, a myelodysplastic cell line with
del(5q) and complex karyotypic abnormalities and searched
the growth inhibition mechanism by lenalidomide.

Materials and methods

Reagents

Lenalidomide, generously provided by Celgene Corporation
(Warren, NJ, USAj was dissolved in dimethylsulfoxide (DMSO)
and stored at —20 "C. After thawing the stock solution it was
protected from light and kept at 4 "C. According to the reported
in vitro studies,” "' we used 10 pm lenalidomide and the final
DMSO concentration was 0.01%.

Cell lines and culture

A human myeloblastic cell line, MDS-L*" was derived as
a subline from a myelodysplastic cell line, MDS$92 which
was established from the bone marrow of an MDS patient
with del(5g).*"** MDS-L cells were positive for CD34, c=Kit,
HLA-DR, CD13, CD33 and partially positive for CD41 and
negative for CD3, CD14, CD20 and glycophorinA. The main
karyotype was 49, XY, +1, der(5)t(5;19), —7, +8, =12,
der(13)47;13), der(14)t(12;14), der(15t(15;15), +19, +20, +21,
der(22)t(11;22). Multicolor fluorescence in situ hybridization
analysis indicated that MDS-L does not show a simple deletion
of the single 5q locus but reveals a derivative small
chromosome5 as a result of t(5;19)(q11;q13). Fluorescence in
situ hybridization analysis targeting the 5q locus also indicated
that the distal portion from 5q11.1 was certainly lost. MDS-L



