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Table 2. Proportion of each cell population in nonerythroid cells cultured from JVIML and normal BM celis
ZOL conceniration, piM
Day 0 Day 10
0 0 1 10 100

JMWL cells, % ; ’

Granulocytes : AT 2% Bzxp 3027 43%5

Monocytes/macrophages 30=x9 ‘ 9022 88+ 6 629 51 +9

Lymphocytes S 5} SR 0x0 0+0 Q%0 6x0

Blasts 13+4 6 9x4 8+1 6+2
Normal BM cellg, %

Granulocytes 7759 63.49 6256 753

Monacytes/macrophages 6x4 28+ 3 . 38xB ’ 25x3

Lymphooytes 12+4; 425 o8 00

Blasts 5%1 0=0 0+0 ; 0*+0

Each value (mean = 8D) was calculated from data for 3 patients with JMML (cases 4, 6, and~7) and healthy dbnors (cases 1, 3, and 5).

ZOL did not have a significant effect on the composition of the
population cultured from normal BM cells.

Thus, 10 pM ZOL affected the predominant differentiation
along monocyte/macrophage lineage of JMML BM cells but not
the development of normal BM cells. Furthermore, although 10
M ZOL inhibited the massive expansion of mature monocytes/
macrophages, an imnmature population of IMML cells survived.

Effect of ZOL on clonal cells derived from JMML BM cells

To confirm the inhibitory effect of ZOL on JMML BM cells, we
cartied out suspension culture of clonal cells derived from single
spontaneous colonies formed in culture of BM cells of a patient
with JMML. (case 4). Five spontaneous colonies containing 100 to
200 cells generated from the IMML BM saniple at day 5 of clonal
culture were randomly chosen, individually removed, and divided
equally. Bach half was incubated in a suspension culture with or
without 10 M ZOL for 10 days. In all 5 colonies examined, the
number of cells generated with ZOL was approximately a tenth of
that without ZOL. At 10 pM, ZOL also affected the differentiation
of clonal cells derived from the same clones (Figure 6). Most of the
cells contained in the half cultured without ZOL were macrophages
(99% *.0%), whereas the half with 10 pM ZOL contained a
substantial number of granulocytes in all 5 experiments (6% * 3%).
This result clearly indicates that 10 uM ZOL inhibits the prolifera-
tion and differentiation along monocyte/macrophage lineage of
JMML cells at a clone level.
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Figure 6. Effect of ZOL on the clonal cells derived from single sponianeous
colonies in the culture of JMML BM cells. Five spontaneous colonies generated
from BM cells of 3 patients with JMML at day 5 of clonal culture were individually lified
and divided equally, then each half was incubated in the suspension culttire with or
without 10 WM ZOL for 10 days. The proportion of monocytes/macrophages and
granulocytes was determined on cytospin smears of the cultured cells cytochermically
stained with o-NBE. i indicates monocytes/ macrophages; B, granulocytes.

Efiect of ZOL on JMML. and normal BM cells ai lower
concentrations:

Finally, we examined the effect of ZOL, at concentrations of 1 to 10
M on the growth of JMML and normal BM cells because it was
shown that the serum concentration of ZOL was less than 10 pM in
a clinical study of the treatment of osteoporosis:? As shown in
Figure 7, when 1,3, 6, and 10 pM ZOL were added to the clonal
culture of BM cells of a patient with JIMML (case 7), the number
and size of spontaneous colonjes were depressed at concentrations
of more than 3 M ZOL. The number of spontaneous GM colonies
significantly decreased and that of G colonies increased even at
3 uM ZOL (P < .05). By conirast, 3 wM ZOL had little effect on
the colony formation from normal BM cells (case 6) by 10
ng/mL GM-CSE.

Discussion

BM cells of all 8 patients with JMML enrolled in this study
produced spontaneous colonies in the culture without hematopoi-
etic factors in accordance with previous reporis.®3¢ Because normal
BM cells generated no colonies under the same condition, the
spontancous colonies were considered to. be derived from the
abnormal JMML clones. The several studies showed that the
sponianeous colony formation by JMML cells is caused by
hypersensitivity to GM-CSF through various molecular mecha-
nisms continuously activating the GM-CSFR-RAS signal iransduc-
tion pathway.!%1L15 Owr findings, that the number of spontaneous
colonies was comparable to that of colonies formed in the presence
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Flgure 7. Effect 0f ZOL on the colony formation from JMNIL and normal BV cells
at less than 10 pil. BM cells of a patient with JMML (case 7) and a healthy adult
(case 6) were Incubated in the clonal culture with concentrations of 0, 1, 3, 6, and 10
pM ZOL for 14 days in the absence and presence of GM-CSF (10 ng/ml),
respectively. B indicates GM colonies; 8, G colonies.
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of GM-CSF in most patients with JMML and that there was no
remarkable difference in the inhibitory effects of ZOL, a RAS-
blocking compound, between the colony formation from JMML
cells with and without GM-CSE, are consistent with these studies.
In the present study, however, the number of spontaneous colonies
varied among patients with JMML. For example, the number was
relatively small in cases 3 and 6, in both of which the number of
colonies increased to more than 2-fold with the addition of
GM-CSF to the culture.

Most of the spontaneous colonies were GM colonies consisting
of both macrophages and granulocytes. We also observed that 10
pM ZOL induced the emergence of a significant mumber of
erythroid colonies from JMML cells in the presence of only
erythropoietin (Y.O., AM., HK., Feng Ma, T.T,, and K.T,
manuscript in preparation). These observations indicate the multi-
potentiality of IMML clones.® However, the proportion of macro-
phages in the spontaneous GM colonies derived from JMML cells
was higher than that in GM colonies induced from normal BM cells
by GM-CSF. Furthermore, the proportion of macrophages in the
suspension culture of JMML BM cells was also higher than that in
the culture of normal BM cells with GM-CSF. Thus, JIMML cells,
although multipotential, exhibited a predominant expansion of mono-
cytes/macrophages in in vitio culture, compatible with the symptoms in
patients with JMML, such as monocytosis and monocytic-cell infilira-
tion to organs.

ZOL, as well as FTIs shown previously,? inhibited the sponta-
neous GM colony formation from JMML BM cells in a dose-
dependent manner. It is of interest that G colonies consisting of
only granulocytes, no macrophages, emerged with the addition of
ZOL to the clonal culture. Because these G colonies were
spontaneous colonies produced in the absence of hematopoietic
factors, the spontaneous G colonies induced by the addition of ZOL
seemed to originate from IMML clones, not normal hematopoietic
progenitors. Cytochemical and flow cytometric analyses of the
cells in the suspension culture of JMML cells also showed the
decrease of mature monocytes/macrophages, but granulocytes and
immature cells survived even in the presence of ZOL. Taken
together, these results indicate that ZOL predominantly inhibited
the differentiation of IMML cells into monocytes/macrophages but
not granulocytes. This finding was confirmed in a single JIMML
clone, suggesting that continuously activated RAS preferentially
stimulates the differentiation of JMML cells along monocyte/
macrophage lineage. This notion is supported by the report that
murine myeloid precursor cells with v-Ha-Ras were induced to
differentiate along monocyte/macrophage lineage.”

There are at least 2 possibilities regarding the immature JIMML
cells that the continuously activated RAS acts on, The first one is
that JMML cells already committed to the monocyte/macrophage
lineage may be hastened along the pathway by the activated RAS.
Second, continuously activated RAS may act on the multipotential
JMML cells to commit them to differentiate into monocytes/
macrophages but not other lineages, including granulocytes, be-
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cause it was shown that mutational activation of RAS in murine
multipotential precursor cells inhibits their differentiation into, not
macrophages, but neutrophils.® In any case, ZOL, a RAS-blocker,
arrested the JMML cells in the early stages by suppressing their
differentiation into mature monocytes/macrophages.

The growth of monocytes/macrophages from normal BM cells
was suppressed by 100 M ZOL in both clonal and suspension
cultures, but the effect of ZOL on granulocyte development was
minor even at a higher concentration. This suggests that activated
RAS also acts on immature hematopoietic cells to preferentially
differentiate along monocyte/macrophage lineage in normal hema-
topoiesis. RAS, continuously activated in JMML cells, may
accelerate their differentiation into monocytes/macrophages, al-
though monocytes/macrophages derived from JMML cells were
dysfunctional because they reacted weakly to o-NBE staining as
compared with those from normal BM cells. Therefore, the massive
expansion of macrophages in the culture of JMML cells may be the
vesult of their accelerated differentiation into monocytes/macro-
phages. However, there remains a possibility that aberrant signal-
ing through the RAS stimulates not only the differentiation of
immature JMML cells but also the proliferation of mature mono-
cytes/macrophages derived from immature JMML cells directly.

Aside from providing insight into molecular mechanisms
behind the pathogenesis of IMML, our observation offers a novel
approach to therapy in IMML because it has been proven that ZOL
can be safely used in the treatment of bone disease or some
cancers.?3 In the present study, indeed, the effect of ZOL on
normal BM cells was weak as compared with that on JMML cells.
Bven though ZOL does not kill the immature population of IMML
cells as shown by the flow cytomeiric analysis of the cultured
JMML cells, ZOL, which prevents the massive expansion of
monocytes/macrophages derived from JMML cells, could be useful
for the therapy of JMML, because death in patients with JMML
usually occurs as the result of monocytic-cell infiltration to organs,
leading to organ dysfunction, infection, and bleeding.!

‘We mainly used the concentrations of more than 10 pM ZOL to
define the difference of the effect of ZOL between JMML and
normal BM cells in the present study. In the clinical situation,
however, it is critical whether the serum concentration of ZOL in
vivo is able to inhibit the JMML-cell growth. In the experiment
using lower concentrations, ZOL had an inhibitory effect on JMML
cells, although Iittle effect on normal BM cells, even at a
concentration of 3 wM, which was within the range of serum
concentrations reported in a previous clinical study for the therapy
of osteoporosis.® Although the inhibitory effect of ZOL on
JMML-cell growth does not reach a maximum at such a concenira-
tion in vivo, ZOL could enhance the effectiveness of other
antileukemia drugs targeting immature IMML cells in combination
with such drugs.?>* To translate our finding to the clinical setting,
further studies to clarify the molecular mechanism of the effect of
ZOL and the in vivo effect of ZOL are needed.
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Definitive Hematopoiesis from Acetyl LDL Incorporating
Endothelial Cells in the Mouse Embryo

DAISUKE SUGIYAMA,'-* KEN-ICHI ARAIL? and KOHICHIRO TSUHS

ABSTRACT

Previously, we reported generation of erythropoiesis from acetyl low-density lipoprotein (Ac-LDL)-
incorporating endothelial cells (ECs) in the mouse embryo. However, it is Still unclear whether the
other types of definitive hematopoietic cells (HICs) can be generated from these cells. In this study,
ECs at 10 days post coitum (dpe) were tagged with Ac-LDL-Dil and were shown to release Dil*
HC:s into the circulation after 12 h of whole embryo culture. The hematopoietic clusters in the main
arteries were also stained with Dil. The circulating Dil * HCs expressed c-Kit and half of these cells
displayed blastic morphology. In vitro culture and in vive reconstitution experiments demonstrated
that the circulating Dil* HCs contained definitive multipotent progenitors, including hematopoietic
stem cells (HSCs). Furthermore, the sorted Dilt HCs were able to colonize the fetal liver (FL) when
introduced back into the blood stream of a secondary recipient embryo. These results suggest that
Ac-LDL incorporating ECs can produce definitive HSCs and HCs colonizing FL in the mouse
embryo.

INTRODUCTION

EN THE MOUSE EMBRYO, definitive hematopoiesis takes
place mostly in the aortic region [para-aortic Splanch-
nopleura (p-Sp)/aorta-gonad-mesonephros (AGM) re-
gion], and to a lesser extent in the yolk sac (YS) (1). In
the p-Sp/AGM region at 10.5 days post coitum (dpc), the
hematopoietic clusters attached to the dorsal aortic floor
and budding into the lumen are observed as if these clus-
ters are born from endothelial cells (ECs) (2-4). There-
fore, it has long been proposed that definitive hemato-
poiesis might originate from a specific subset of vascular
ECs called hemogenic ECs. Several lines of evidence
support the notion that hemogenic ECs were able to gen-

erate definitive HCs. VE-Cadherint/CD45~ ECs isolated
from the p-Sp/AGM region or YS exhibit lymphoid po-
tential in vitro and in vivo (5,6). ECs expressing Runx1,
an essential transcription factor for definitive hemato-
poiesis, display the potential of adult repopulating he-
matopoietic stem cells (HSCs) (7). The first expression
of Ly-6A, one of the earliest genes emerging in defini-
tive HSCs, is restricted to the cells inserted into the en-
dothelial layer (8). Recently, we and another group re-
ported an acetyl low-density lipoprotein (Ac-LDL)-based
tracing method to follow the progeny of ECs during on-
togeny in the mouse and chicken embryo (9,10). This
method allows ECs to be tagged from the inside following
a single intracardiac injection. Ac-LDL-Dil is specifi-
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cally incorporated into ECs and macrophages (9-16). The
intracardiac injection was followed by whole embryo cul-
ture, and the tagged ECs were shown to generate defin-
itive erythroid cells (10). However, it remains unclear
whether these hemogenic ECs can release HSCs into the
circulation. In this study, we further characterized the
HCs emerging from Ac-LDL-incorporating ECs.

MATERIALS AND METHODS
Intracardiac inoculation

In all experiments except the in vivo transplantation
assay, ICR mice (Nihon SLC, Japan) were used. In the
in vivo transplantation assay, C57BL/6] mice (CLEA,
Japan) were used as donors and Ly3.1 mice as recipients,
respectively, to distinguish the donor cells. Midday was
taken to be 0.5 dpc for plugged mice. Embryos at 10.0
dpc were inoculated with 0.1-0.3 1 of Ac-LDL-Dil so-
lution (excitation, 514 nm; emission, 550 nm, Biomed-
ical Technologies, Stoughton, MA) and those at 10.5 dpc
with the labeled soried cells by intracardiac injection as
described previously (10). Briefly, embryos wete isolated
under the stereomicroscope (Leica MZ6, Germany) in
phosphate-buffered saline (PBS). Both uterus and de-
ciduo capsularis were removed and the YS was cut along
YS arteries, with care to avoid the excessive hemorrhage.
The amnion was opened so that the needle could be di-
rected into the heart. This needle was made by pulling a
glass capillary (Narishige GC-10, Japan) with a mi-
cropipette puller (Narishige, Japan). Inoculated embryos
were immediately submitted to whole embryo culture
within 1 h of isolation.

Whole mouse embryo culture

Tnoculated and cell-injected embryos were transferred
into culture bottles containing 100% rat serum supple-
mented with glucose 2 mg/m! in a whole embryo culture
system (Ikemoto Scientific Technology, Japan) and cul-

tured for 12 h and 4 h, respectively, at 37°C with a con-
tinuous supply of gas mixture (60% O, and 5% CO bal-
anced with N») in the dark (10). After whole embryo cul-
ture, embryos exhibiting no conspicuous bleeding and
anomaly were used for further analysis.

Flow cytometry and cell sorting

Inoculated embryos were pooled and rinsed three times
before blood samples were collected by bleeding. Em-
bryos were separated into YS, AGM region, and rem-
nants. Individual tissues were dissociated by passing
through a 26-gauge needle. For surface antigen detection,
cell suspensions were incubated on ice in the presence of
fluorescein isothiocyanate (FITC)-conjugated anti-c-Kit,
CD45.2 and Mac-1 monoclonal antibodies (mAbs), R-
phycoerythrin (PE)-conjugated anti-Thy-1.2 and Gr-1,
and biotin-conjugated anti-CD45.2 and B220 mAbs (all
purchased from Pharmingen, San Diego, CA). When the
biotin-conjugated mAb was used, cells were washed
and then incubated with FITC-conjugated streptavidin
(Pharmingen). Flow cytometry was performed using a
FACScan (Becton Dickinson, San Jose, CA). Dil*/c-
Kit*/~ cells were sorted from blood samples using the
FACSVantage instrument (Becton Dickinson, Mountain
View, CA). Sorted cells were analyzed further by assays
or morphological observation.

In vitro hematopoietic culture assay

Hematopoietic progenitors were assayed using methyl-
cellulose clonal culture consisting of 4 ml of culture
medium containing 1 X 10* sorted Dilt /e-Kit* cells,
a-minimal essential medium (¢ = MEM; Flow Labora-
tories, Rockville, MD), 1.2% methylcellulose (Shinetsu
Chemical, Tokyo, Japan), 30% fetal bovine serum (FBS;
Hyclone Laboratories, Logan, UT), 1% deionized frac-
tion V bovine serum albumin (Sigma Chemical Co, St.
Louis, MO), and 100 pmol/L 2-mercaptoethanol (Hast-
man Organic Chemicals, Rochester, NY). The follow-
ing cytokines were plated in 35-mm suspension culture

oo

COLORPLATE 1. Sections through Ac-LDL-Dil-inoculated embryos after 12 h of whole embryo culture. Sections are 7 um
thick. Original magnification, 200. Left and right panels show phase-contrast and fluorescence microscopy, respectively. (A)
Cross section at the level of the dorsal aorta. Arrowhead shows the hematopoietic cluster. The upper right panel shows the mag-
nification of the hematopoietic cluster. (B) Cross section of umbilical artery. Arrowhead shows the hematopoietic cluster. (C)
Cross section of omphalomesenteric artery. Arrowheads indicate the circulating Dil™ cells.

COLOR PLATE 2. Liver colonization from endothelial cell-borne hematopoietic cells. (A) Fetal liver was observed under a
stereomicroscope equipped with a UV laser and an appropriate filter after injection of the sorted Dil* cells. The illumination of
Dil was observed as a yellow color. Arrows show each fetal liver lobe. (B) The magnified view of A. The DiI* cells with yel-
low color were observed in a dotted pattern inside of the fetal liver lobe. (C,D) Sections of A observed by confocal microscopy.
Original magnification, 200 The illumination of Dil was observed as a white color. Arrows show sinusoids (fetal liver blood
vessels). The Dil* cells form small colony-like islands and colonize the extrasinusoidal regions of the fetal liver.
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dishes (#1008, Falcon, Lincoln Park, NJ): 100 ng/ml of
mouse stem cell factor (SCF) (Kirin Brewery, Japan), 10
ng/ml of mouse interleukin (IL)- -3 (Kirin), 2 U/mt of hu-
man erythropoietin (EPO) (Kirin), 100 ng/m! of human
IL-6 (Tosoh, Kanagawa, Japan), 20 ng/ml of human
thrombopoietin (TPO) (Kirin), and 10 ng/ml human
granulocyte colony-stimulating factor (G-CSF) (Kirin).
The dishes were. incubated at 37°C in a humidified
atmosphere supplemented w1th 5% CO,. Colonies were
counted at day 7. ,

In vivo neonate z‘mnsplantatzon assay

To examine neonatal Ter
beled and sorted cells were slap ;
treated Ly5.1 mouse neonates as desmibed previously
(17). Briefly, time-pregnant mice were injected on days
17 and 18 with 15 pg/gram busulfan (Sigma-Aldrich, St.
Louis MO). The , the AGM region,
YS, and remnant from the inoculated
cell sorting (Bec-

25 #lof PBS and
time of delivery)
using a 100-ul Halj umilton, Reno, NV).
More than 1 year after i ion, blood samples
were collected and analyzed for the expression of
CD45.2, Gr-1, Mac-1, B220, and Thy-1.2 by flow cy-
tometry to conf1m1 1econsutut1on of the host by donor

diated Ly5.1 adult
ed bone marrow
an 4 months after
i analyzed as men-

tioned above.

Liver hematopoietic col

OCT compoun 0. #43
dry ice, and sectloned at 7 ,um Sectlons were observed
under a confocal microscope (Leica TCS SP confocal,

s HSCs, 10,000 Dil*
d cultured embryos
and. 1elat1v

. nated fmm i

Germany). Dil illumination was observed under the con-
dition that excitation length was 488 nm and the detecied
filter was at 497-699 nm.

Cell staining

Sorted cells mentioned above and the made single cell
suspension of the FL cells at 10.5 dpc were cytocen-
trifuged on Cytospin 2 (Shandon, Pittsburgh, PA) and
stained with May-Grimwald-Giemsa (Muto Chemica,
Tokyo, Japan).

RESULTS
Hematopoietic clusters stained with Dil

Tn our previous report, 1 h after Ac- LDL-Dil inocula
tion, Dil staining was found along the entire endothelia
tree. On section, Dil staining was observed in the endo
thelial cell layer of the vessels. FACS analysis reveale(
that Dil™ cells were CD31F, CD34%, and CD457,
antigen expression pattern character istic for the endothe
lial lineage (10). In the present study, 12 h after inoct
lation, Dil staining was observed along the entire endc
thelial tree under the stereomicroscope, similar to that ¢
the 1-h timepoint reported previously (data not shown
On section, Dil staining was observed in the hematopo
etic clusters protruding into the aortic lumen and only
few circulating cells in addition to the endothelial ce
layer (C0101 Plate 1). At 10.5 dpc, the hematopoietic clu

- ters were plevmusly shown to be present in the umbil
' cal attery and to a lesser deglee in the omphalomese:
tetic aftery and d01sal aortic floor (3). We could find

Dil in the dorsal aortic flo
the umbilical artery, but n
ins. The illumination of A
ntained for at least 24 h in vivo &
gged cells divide (9,19). T
matopoietic clusters was weaker th
that of sunoundmg ECs (Color Plate 1). This obsert
tion ‘might be due to the cell division from ECs becat
111urmnat1on of Ac-LDL-Dil might

small clusters stam

T ough these he atopmetw clusters seem to be or
mated from’ ECs rather than seeded f1om the ofl

lnCOI‘pOlath Ac-LDL-Dil in vivo {
The anthors inoculated Ac-LDL- Dil by using intrac

_ diac injection ]ust before macrophages appear in circt

tion (9). In this study, we inoculated mouse embryo:
10.0 dpe, after macrophages appeared in the circulati
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FIG. 1. The characteristics of Dil*/c-Kit™ cells in circulation after 12 h of inoculation. (A,B) The expression of c-Kit and Dil
examined by flow cytometry. (A) Isotype control. (B) c-Kit and Dil expression. Gate indicates sorting gate of the Dil*/c-Kit*
cells. (€) Morphological appearance of Dil*/c-Kit* cells May-Griinwald-Giemsa staining, Magnification, 400X.

which means that we could not ignore the effect of mac-
rophages in circulation. However, it has already been re-
ported that the phenotypic appearance of hematopoietic
clusters includes expression of the antigens CD31, CD34,
c-Kit, and AML-] in the mouse, indicating these hema-
topoietic clusters were immature hematopoietic progen-
itors or HSCs and not mature macrophages (4). In addi-

tion, in electron microscopic observations, the cells of the
hematopoietic clusters are undifferentiated hemocyto-
blasts and are interconnected through specialized junc-
tions exclusively of the zonula occludens type, suggest-
ing that they are immature hematopoietic progenitors
including HSCs (3). Therefore, macrophages are unlikely
to comprise the hematopoietic clusters. Taken together,

Tasre 1. CoLoNy ForMaTioN oF Dil*/c-Kit*™/~ CeLLs
Cell fraction/
types of colony GM Mix E Others Total
Dil*/c-Kit* 32 36 25 % 8 233 £ 0.6 37 52 118 = 13.5
Dil*/c-Kit™ 1.3 0.6A 0 0 0 1.3 = 0.6

The Dil*/c-Kit™"~ cells were sorted out from the blood of inoculated and cultured embryos. The number of colonies indicates
the mean * SD of triplicate cultures. Each dish contains 2,500 of the cells in 1 ml of the medium.

GM, Granulocyte/macrophage colonies; Mix, hematopoietic mixed colonies; E, erythroid bursts and erythroid/megakaryocyte
colonies; Others, granulocyte colonies, macrophage colonies, and megakaryocyte colonies.
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we have proposed that the hematopoietic clusters are
originated from ECs tagged with Ac-LDL-Dil in vivo in
the mouse embryo.

Hematopoietic potential of circulating Dil*
cells in vitro and in vivo

We next examined surface markers on the circulating
Dil* cells by flow cytomery. We found 15.3% of the
Dil* cells expressed c-Kit, a marker for immature HCs
and HSCs (Fig. 1A,B) (1,20,21). The sorted Dil*/e-Kit*
cells revealed two distinct populations by morphological
observation—immature HCs with a blastic cell aspect
and macrophages (Fig. 1C). Dil*/c-Kit™ cells have been
reported to contain various types of immature and ma-
ture cells (10). The hematopoietic potential of Dil*/c-
Kit* cells was examined in methylcellulose culture as-
say. A total of 2,500 of the Dil*/e-Kitt cells formed
substantial numbers of mix-colonies, whereas 2,500 of
the Dilt/c-Kit~ cells never displayed this activity (Table
1). Dil*/c-Kit" cells could also generate both B and T
lymphocytes, whereas Dil*/c-Kit™ cells never did, thus
showing that Dil*/c-Kit™ cells contain definitive mlti-
potent progenitor activity (data not shown). ‘

We also examined in vivo reconstituting capacities of
the circulating Dil* cells. Tt has been shown to be hard
to detect HSC activity in embryonic tissues prior to 11.5
dpc when transplanting the embryonic cells into lethally
irradiated adult hosts (1,17). Therefore, we first exam-
ined the Dil™ cells for neonatatal repopulating HSC ac-
tivity. A total of 10,000 of the Dil* cells sorted from
each embryonic tissue were transplanted into conditioned
neonates. The analysis of reconstituted mice were un-
dertaken more than 1 year after transplantation. As shown
in Table 2 and Fig. 2, the Dil™" circulating cells contained
neonatatal repopulating HSCs. Althongh we tried to de-

termine which hematopoietic sites generate neonatatal re-
populating HSCs, there was no significant difference in
the reconstitution rate and percentage between YS and
AGM regions. Remnant cells, including the circulating
Dil ™" cells, also contained neonatatal repopulating H5Cs.
This result is compatible with the previous reports show-
ing that neonatatal repopulating HSCs exist both in the
YS and p-Sp/AGM region at 9 dpc and that BCs from
both regions at 9.5 dpe can support hematopoiesis, sug-
gesting that both regions are adequate microenvironments
for HSCs or can generate HSCs simultaneously at this
stage (17,22). In all reconstifuted neonate recipients, the
percentage of reconstitution was more than 80%. Such
high values have also been reported previously (18,23).
In addition, experiments were extended to test the Dil*
cells for adult repopulating HSC activity. One out of 7
recipients exhibited a conspicuous degree of reconstitu-
tion with a percentage of reconstitution at 13.4% (Table
2). Thus, the Dil* cells contained definitive HCs in-
cluding both neonatatal and adult repopulating HSCs.

Liver colonization by circulating Dil* cells

To characterize the circulating DiI'™ cell behavior fur-
ther, we examined whether these cells could colonize the
FL via the circulation in vivo. Although some indirect
experiments have suggested that the FL does not produce

HCS by itself but might be colonized by HCs of extrin-

sic origins after 9.5 dpc, there has been no direct evi-
dence that the FL is colonized by an extrinsic origin
(24-27). The circulating Dil™ cells were sorted out from
the blood sample of the Ac-LDL-Dil-inoculated embryos
after 12 h of WEC and showed various kinds of HCs
morphologically as previously reported (9). A total of
3,000~4,000 of these sorted Dilt cells were subsequently
introduced back into the circulation of a secondary re-

TaBrg 2. THE ResuLts OF In Vivo TRANSPLANTATION ASSAY

Reconstituted/
Sorted cell population transplanted
Neonate Dil* cells in blood 3/14
repopulating Dil* cells in AGM region 4/11
HSCs Dil* cells in YS 377
Dil™ cells in remnant 217
Adult Dil™* cells in whole embryo 177
repopulating
HSCs

A total of 10,000 of the cells sorted from inoculated embryos were transplanted into
conditioned neonates and adults, respectively. More than 1 year after transplantation,
reconstitution was examined by flow cytometry. Reconstitution was defined as recip-
ients with more than 10% of donor cells in peripheral blood. The percentage of re-
constitution was calculated on the basis of the existence of donor cells expressing

CD45.2 by flow cytometry.
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FIG. 2. Hematopoietic reconstitution by Dil* Cells. (A) The percentage of CD45.2" cells was analyzed in the peripheral blood
of the transplanted animals by flow cytometry. Each title in the x axis reflects the source of the cells. Blood, AGM, YS, and Rem
refer to embryonic blood, AGM region, YS, and remnant, respectively. (B) Fluorescence-activated cell sorting (FACS) profile

of the blood, representative of the reconstituted animal.

cipient embryo at 10.5 dpc by intracardiac injection, fol-
lowed by additional whole embryo culture. During this
period of whole embryo culture, we can detect the illu-
mination of Dil, as the illumination is maintained for at
least 24 h, once Ac-LDL-Dil is incorporated into the cells
(9). After 4 h of WEC, the FL was isolated and observed

under the stereomicroscope. The Dil* cells with a yel-
low color were detected within the FL (Color Plate 2A,B).
The rest of the Dil* cells were found in the circulation.
The Dil* cells were preferentially observed in the FL
lobes that did not display full erythropoiesis yet. On sec-
tion, the Dil* cells were confirmed to be inside of the
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FL lobe in the shape of cell aggregate, as if they formed
some hematopoietic colonies, spread out, and contacted
each other, or colonized in some specific regions simul-
taneously (Color Plate 2C,D). Relatively large-sized
colonies were observed in the extrasinusoidal regions of
the FL. When we injected Dil™ cells as controls, there
was no Dil ™ cell-like illumination in the injected embryo,
including the FL (data not shown). Thus, the circulating
Dil* cells colonize the FL via the circulation.

Although we could show one route of EC circulation,
we cannot deny there are other possibilities. In our
method, it has been difficult to detect which ECs can con-
tribute to FL colonization, but the possible candidates
were likely the YS and AGM region, because both re-
gions have already been shown to be hematopoietic sites
at9.5 dpc (1,5,6,17). We have already shown that the cir-
culating Dil™" cells contained various kinds of cells, in-
cluding erythroid cells. It has been well known that most
of the cells in the FL at this stage are erythroid cells
(24-26). When we observed the morphology of the FL,
cells at 10.5 dpe, only 1.3 = 0.6% (n = 3) of the cells
were macrophages. Taken together, the EC-derived Dilt
cells, especially erythroid cells, seemed to colonize the
FL. Our data are in agreement with previous reports
showing that the FL becomes hematopoietic beyond the
29-somite stage and that FL hematopoiesis occurs in ex-
trasinusoidal regions (24-26). Thus, we provide evidence
that ECs can generate HCs of the definitive lineage, in-
cluding HSCs, into the circulation and that some of these
cells can colonize the extrasinusoidal regions of the FL
via the circulation in vivo in the mouse embryo.

DISCUSSION
Ac-LDL-Dil tracing method

In this study, we used the Ac-LDL-Dil tracing method
as previously described (10) and followed the time course
of cell activity for 16 h—12 h of WEC for Ac-1L.DL-Dil
inoculation of the ECs and 4 h WEC for subsequent FL.
colonization—a time period short enough not to lose the
illumination of Ac-LDL-Dil in the cells. Although the il-
lumination of Ac-LDIL-Dil might not be maintained long
term, it can be maintained for at least 24 h in vivo and 4
days in vitro, even if the tagged cells divide (9,19). Once
EC-borne HCs were sorted on the basis of Ac-LDL-Dil
illumination, the Ly5.1 system was used as a genefic
marker in the reconstitution assay to search for donor
cells long-term as established by our group and others
(18,21,28). Although Ac-LDIL-Dil illumination would be
expected to be diluted as the tagged cells divide, it re-
mained strong and bright enough to be analyzed by a mi-
croscope equipped with fluorescence, flow cytometry,
_and confocal microscopy analysis.

On section, the illumination of Ac-LDL-Dil was 6b-
served in ECs, hematopoietic clusters, and circulating
HCs. The illumination of hematopoietic clusters was
weaker than surrounding ECs. This observation might be
due to the cell division from ECs because the original il-
lumination of Ac-LDL-Dil appeared to be bright in the
ECs and circulating macrophages. After FL colonization,
the Dil illumination was easily viewed with the confocal
microscope. When we injected Dil™ cells from Ac-LDL-
Dil-injected embryos or noninjected embryos into the re-
cipient embryos, the illumination of Dil in the FL. was
never detected. This indicates that the Dil illumination
was bright enough to analyze by confocal microscopy
and not due to a nonspecific autofluorescence effect, and
that DiI* cells really existed in the FL lobe. In addition,
it suggests that the cells sorted out by flow cytomeiry on
the basis of Dil illumination really possessed Dil and pre-
served this illumination after sorting, injection, and col-
onization for an additional 4 h.

Ac-LDL-Dil does not damage the cells cultured in the
medium containing Ac-LDL-Dil and, thus, it is unlikely
cell death was influencing the FL uptake of the labeled
cells. When we sorted out the Dil ™ cells from blood sam-
ples, they appeared to be healthy HCs by morphological
observation, could generate hematopoietic colonies
(Table 1) and had reconstituting ability (Table 2}, which
means they were alive. In the FL colonization studies,
the Dil* cells were detected as if they generated hema-
topoietic colonies in the FL, not randomly dispersed
throughout, suggesting they acted as living progenitor
cells after homing to the FL. Although this experimental
strategy is limited to 24 h, it is the only method to fol-
low up the ontogeny of ECs in the mouse embryo af the
moment.

A new method using a genetic marker should be de-
veloped in the future to follow up for a longer period.
Recently, it was reported that c-Kit—/CD45™ cells in the
AGM region at 10.5 dpc incorporated Ac-LDL during in
vitro culture, whereas only ECs and macrophages at 10.0
dpc could incorporate Ac-LDL upon intracardiac inocu-
lation (29). Although these results might be due to the
differences in labeling methods, we will need to charac-
terize further the Ac-LDL incorporating cells when in-
oculating the embryos at 10.5 dpc with Ac-LDL followed
by intracardiac injection.

Endothelial cell-borne hematopoietic cells
in circulation

In our previous study, we showed that the circulating
Dil* cells originated from ECs tagged with Ac-LDL-Dil
(10). In this study, we demonstrated that these circulat-
ing Dil* cells contained multipotent definitive progeni-
tors and HSCs. This timing of HC emergence is com-
patible with the previous report showing that circulating
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multipotent progenitors are first detected at 10.5 dpc (30).
It was already shown that CD317/VE-cadherin~/Runx-
1" mesenchymal cells in the AGM region also contained
adult repopulating HSCs (7).

Although we cannot deny the possibility that mes-
enchymal cells might contribute to this hematopoietic
wave, ECs can be considered to be one source of this
wave. We mainly used the neonatatal transplantation
assay to examine for HSC potential, because it has been
shown to be hard to detect HSCs in host animals us-
ing the adult transplantation assay when we inject the
embryonic tissues prior to 11.5 dpc (1). Neonatal re-
populating activity in the mice transplanted with Dil™*
cells was achieved at more than 80%, similar to the
high value of chimerism reported when other embry-
onic tissues have been injected into adult mouse hosts
(18,23).

Although it is difficult to compare these results with
others, because we analyzed the transplanted mice more
than 1 year after transplantation, the high hematopoietic
potential of the Dil* cells may be a result of a more com-
plete ablation of host cells and thus a lack of competitor
host cells. When adult bone marrow HSCs were trans-
planted into conditioned neonates, the percentage of re-
constitution achieved reached 100% (31). Thus, high lev-
els of engrafiment can be attained in this model. The
reason why not all the animals were completely recon-
stituted might be due to the technical difficulties in per-
forming the newborn transplants and that the results rep-
resent an underestimate of the actual repopulating ability
of donor cell samples.

Liver colonization from endothelial cell-borne
hematopoietic cells

Circulating Dil* ECs or EC progeny colonized the
FL via the circulation, consistent with the extrinsic ori-
gin of cells as hypothesized previously (24-27). Colo-
nization was preferentially observed in the FL lobe,
which did not display erythropoiesis yet, implying that
the molecules for colonization were preferentially ex-
pressed in this lobe. Although there were many host
cells in the circulation, some of Dil™ cells could colo-
nize FL competitively in this relatively short-term as-
say, suggesting that the Dilt cells could colonize the
FL soon after they were released from ECs and imply-
ing that the mechanisms of FL colonization might be
controlled tightly. Bi-integrin is critical in the FL col-
onization with hematopoietic elements, but the role of
other important molecules has not been clarified (32).
It will be necessary to investigate further the nature,
source, and number of molecules that regulate the re-
lease of HSCs from ECs and their colonization of the
YL in the near future.
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Summary

Aberrant DNA methylation is frequently observed in adults with
myelodysplastic syndrome (MDS), and is recognized as a critical event in
the disease’s pathogenesis and progression. This is the first report to
investigate the methylation status of p15 and p16, cell cycle regulatory genes,
in children with MDS (1 = 9) and juvenile myelomonocytic leukaemia
(JMML; 1 = 18) by using a methylation-specific polymerase chain reaction.
The frequency of pi5 hypermethylation in paediatric MDS was 78% (7/9),
which was comparable to that in adult MDS. In contrast, pI5
hypermethylation in JMML was a rare event (17%; 3/ 18). In JMML,
clinical and laboratory characteristics including PTPNII mutations and
aberrant colony formation were not different between the three patients with
hypermethylated p15 and the others. Aberrant methylation of pI6 was not
detected in children with either MDS or JMML. Since p15 and p16 genes were
unmethylated in two children with JMML, in whom the disease had
progressed with an increased number of blasts, a condition referred to as
blastic crisis, we infer that the aberrant methylation of these genes is not
responsible for the progression of JMML. The results suggest that
demethylating agents may be effective in most children with MDS and a
few patients with JMML.

Keywords: myelodysplastic syndrome, juvenile myelomonocytic leukaemia,
childhood, p15, aberrant methylation.

Myelodysplastic syndrome (MDS) occurs predominantly in
the elderly but rarely in childhood, and a substantial
difference exists between MDS in adults and in children
(Sasaki et al, 2001; Hasle et al, 2003). Juvenile myelomono-
cytic leukaemia (JMML), categorized as a disorder bridging
MDS with myeloproliferative diseases (MPD) by the World
Health Organization (WHQ) (Emanuel, 1999; Vardiman
et al, 2001), is a unique disease that only occurs in childhood
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(Arico et al, 1997; Niemeyer et al, 1997). Mutations in the
PTPNII gene, which is the main gene responsible for
Noonan syndrome and known to be involved in the Ras/
mitogen-activated protein kinase (MAPK) pathway, have '
recently been detected in 30-40% of patients with JMML and
were thought to contribute to the pathogenesis in a subset of
these patients (Isomura et al, 2003; Tartaglia ef al, 2003; Loh
et al, 2004).
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Recently, epigenetic alterations, such as the aberrant
methylation of CpG islands in the promoter regions of genes,
have been reported to inactivate tumour-suppressor genes and
to contribute to tumorigenesis (Jones & Laird, 1999), and
many genes were found to be silenced by methylation in solid
tumours and haematological malignancies (Herman & Baylin,
2003). p15/INK4B and pl6/INK4A, members of a family of
cyclin-dependent kinase (CDK) inhibitors, are critically
involved in the regulation of the cell cycle and recognized as
tumour suppressors. In addition, pl5 has been recently
suggested to act as a regulator of proliferation and differentia-
tion in myelo-monocytic and megakaryocytic lineages by
arresting the cell cycle (Teofili et al, 1998, 2000, 2001;
Sakashita et al, 2001). Therefore, the silencing of these genes
via aberrant methylation is a critical event in leukaemogenesis.
In fact, methylation of the pl5 gene has frequently been
demonstrated in acute leukaemia, both in adults and in
children (Herman et al, 1997; Guo ef al, 2000; Wong ef al,
2000; Toyota et al, 2001; Garcia-Manero ef al, 2002, 2003;
Gutierrez et al, 2003). In contrast, pI6 is rarely methylated in
haematological malignancies (Herman et al, 1997; Guo ef dl,
2000; Wong et al, 2000; Toyota er al, 2001; Garcia-Manero
et al, 2002, 2003; Gutierrez ef al, 2003).

In MDS, the aberrant methylation of pI5 correlated with
morphological subtypes; it occuired frequently in those with
blast expansion, such as refractory anaemia with excess blasts
(RAEB), RAEB in transformation (RAEBt) and acute myeloid
leukaemia (AML) evolving from MDS, whereas it occurred
rarely in those with refractory anaemia (RA) and RA with
ringed sideroblast (RARS) (Uchida et al, 1997; Quesnel er al,
1998; Daskalakis ef al, 2002; Aoki et al, 2003). In chronic
myelomonocytic (CMML), another disorder
belonging to MDS/MPD, the frequency of p15 hypermethyla-
tion was intermediate (Uchida et al, 1997; Quesnel et al, 1998;
Daskalakis et al, 2002; Aoki et al, 2003; Tessema et al, 2003).
These studies reported the methylation status only in adult
patients with MDS and MPD. No reports have examined the

leukaemia

methylation status of cell cycle regulatory genes in childhood
MDS$ and MPD, Here, we report the frequency of aberrant
methylation of the p15 and p16 genes in paediatric MDS and
JMML.

Patients and methods

Patients

Children suspected of having MDS or JMML were enrolled on
the prospective diagnostic register of the MDS committee of
the Japanese Society of Paediatric Haematology. The diagnosis
was verified by the pathological review board of the committee
(Manabe & Nakahata, 2003). Bone marrow (BM) or peripheral
blood (PB) samples were obtained prior to treatment from
patients with MDS or JMML, and sent to the Institute of
Medical Science, University of Tokyo. Informed consent was
obtained from the guardians of the patients following
institutional guidelines. In total, samples from 27 children
were analysed. The final diagnosis was refractory cytopenia
with multilineage dysplasia (RCMD) in one subject, RAEB in
two, CMML in two, and JMML in 18, including two children
who were diagnosed with AML that had transformed from
JMML. It was difficult to differentiate RAEB from AML-MG6 in
four children, and such cases were categorized as RAEB/M6
(Manabe & Nakahata, 2003; Manabe ef al, 2003). In this study,
there were no cases of MDS/JMML occurring secondary to a
previous chemotherapy or immunosuppressive therapy, or to a
constitutional abnormality, such as Noonan syndrome, neu-
rofibromatosis-1 or Down syndrome (Hasle et al, 2003). The
diagnosis was made according to the French—American—British
(FAB) and WHO classification, and patients with JMML were
diagnosed based on the diagnostic criteria proposed by the
International JMML Working Group (Niemeyer et al, 1998).
The characteristics of patients analysed in this study are listed
in Tables I and II. In addition, we analysed samples from
normal adult volunteers (PB; n = 3, BM; n = 1).

Table 1. Clinical and laboratory characteristics of patients with MDS other than JMML.

Hypermethylation

Age (years) at BM WBC PTPNI11 _—

UPN presentation Gender Sample Subtype blast (%) (x10°) Karyotype mutation “pls plé
M1 14 M BM RCMD 16 2:6 =7 GC + -
M2 17 M BM RAEB 16 92 Normal GC - -
M3 13 F BM RAEB 130 40 Normal Not tested - -
M4 9 Months B BM RAEB/M6 13 71 Normal GC + -
M5 12 M PB RAEB/M6 20-8 19 Normal GC + -
M6 i4 M BM RAEB/M6 06 12 Normal GC + -
M7 4 E BM RAEB/M6 60 2:8 Normal GC + -
M8 12 M PB CMML 140 386 Normal GC + -
M9 17 F BM CMML 100 31 Add (12), GC + -

inv (5)

BM, bone marrow; PB, peripheral blood; RCMD, refractory cytopenia with multilineage dysplasia; RAEB, refractory anaemia with excess blasts;
CMML, chronic myelomonocytic leukaemia; GC, germline configuration.
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Table II. Clinical and laboratory characteristics of patients with JMML.

p15 and p16 methylation in paediatric MDS and JMML

Hypermethylation

Age BM WBC PB monocyte PTPN11 Aberrant  ————

UPN  (months)/gender  Sample  blast (%) o’ (10 Karyotype  mutation  colony pl5 pl6
i 3/F PB 1-0 36'5 15 Normal GC + - -
J2 14/M PB 7:0 284 80 Normal GC - - -
13 4/M BM 10 723 19-5 Normal GC + - -
J4 4/F BM 60 373 22 Normal 215C>T + - -
15 7/F BM 04 83 13 Normal GC + - -
J6 32/M BM 100 641 7:1 Normal GC + - -
J7 35/F BM 69 431 52 Normal 179G>T + - -
78 54/M BM §4 159 2-1 Normal 226G>A + - -
19 69/M BM 82 76 46 -7 GC + - -
70 63M BM 16 266 32 Normal 179G>T  + + -
Ji1 /M PB 7'3 1510 468 -7 GC + + -
Ji2 37/8 PB 10 162 32 Normal 226G>A + - -
Ji3 50/M PB 28 167 33 Normal GC - + -
Ji4 6/M BM 7:0 150 44 10p+ n.t. + - -
715 39/F BM 15 276 41 Normal n.t. + - -
ji6 61/F BM 3-8 707 14-8 Normal n.t. + - -
J17% 35/F BM 32 419 71 Normal 226G>A + - -
J18* 36/M BM not estimatedf 41 0-8 t (11;13) 155C>G - - -

227A>C

*J17 and J18 were diagnosed with AML that had evolved from JMML. Samples were obtained at the time of diagnosis of AML.

BM could not be estimated because of fibrosis.

Methylation-specific polymerase chain reaction

The method of bisulphite treatment and methylation-specific
polymerase chain reaction (MSP) was previously described
(Kubota er al, 1997). Briefly, mononuclear cells (MNC) were
isolated by density gradient centrifugation on Ficoll-Paque
(Amersham Biosciences, Piscataway, NJ, USA) from BM and
PB, and genomic DNA was exiracted with a QlAamp DNA
Blood Midi Kit (Qiagen, Hilden, Germany). The DNA (1 pg)
was first denatured by 02 mol/l NaOH for 10 min at 37°C,
and incubated at 55°C for 16-22 h with 0-5 mmol/l hydro-
quinone (Sigma-Aldrich, St Louis, MO, USA) and 3-1 mol/l
sodium hydrogensulphite (Sigma-Aldrich). The modified
DNA was purified using the Wizard DNA Clean-Up System
(Promega, Madison, WI, USA) with a Vac-Man Laboratory
Vacuum Manifold (Promega). Modification was completed
by desulphonation with 0-3 mol/l NaOH for 5 min at room
temperature, followed by ethanol precipitation. The DNA was
resuspended in Tris-EDTA.

Primers used for the methylation analysis of p15 and p16 are
shown in Table III (Herman ef al, 1996). Each polymerase
chain reaction (PCR) was carried out in a 20 pl volume
containing 19 pl of Platinum PCR superMix (a mixture of
anti-Taq DNA polymerase antibody, Mg, deoxyribonucleotide
triphosphates, and recombinant Taq DNA polymerase; Invi-
trogen, CA, USA) and 1l of bisulphite-modified DNA
(~20 ng). PCR conditions were as follows: 95°C for 10 min,
then 35 cycles at 94°C for 30 s, 60°C for 30 s, 72°C for 30 s,
and a final extension of 10 min at 72°C. PCR products were

© 2005 Blackwell Publishing Ltd, British Journal of Haematology, 128, 805-812

Table III. Primer sequences® for methylation-specific PCR.

Primer set Primer sequence (5" — 3")

p15-Mf GCGTTCGTATTTTGCGGTT

p15-Mr CGTACAATAACCGAACGACCGA
p15-Uf TGTGATGTGITTGTATITTGTGGIT
pl15-Ur CCATACAATAACCAAACAACCAA
pl6-Mf TTATTAGAGGGTGGGGCGGATCGC
ple-Mrx GACCCCGAACCGCGACCGTAA
p16-Uf TTATTAGAGGGTGGGGTGGATTGT
ple-Ur CAACCCCAAACCACAACCATAA

M, methylated allele-specific primer; U, unmethylated allele-specific
primer; f, forward; 1, reverse.
*Herman et al (1996).

loaded on 1:5% agarose gels, stained with ethidium bromide
and visualized under ulira violet illumination. DNA exiracted
from PB of healthy donors was used as a control, and
universally methylated DNA (CpGenome Universal Methyla-
ted DNA; Serologicals Corporation, Norcross, GA, USA) was
used as a methylated control in all analyses.

Quantitative reverse transcription-polymerase chain
reaction (RT-PCR) analysis

The quantification of mRNA levels was performed with a real
time fluorescence detection method according to the proce-
dure described previously (Shimizu et al, 2003; Tsuzaka et al,
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2003). To obtain the template for standards, total RNA was
isolated from normal BM MNC using Isogen (Wako, Osaka,
Japan), based on the evidence that normal mairow cells
expressed pl5 (Sakashita et al, 2001). Total RNA was extracted
from MNC using an RNeasy kit (Qiagen), following the
manufacturer’s instructions. cDNA was prepared using an
RNA PCR kit (AMV) version 2.1 (Takara Shuzo, Ohtsu,
Japan). The specific primer pair and probe were designed with
the aid of the Primer Express program (Applied Biosystems,
Foster City, CA). A target DNA fragment was amplified by
PCR, fused into a pGEM-T Vector (Promega Corp.), ampli-
fied, and refined. A standard curve was constructed with serial
dilution (10-10°) of a plasmid, each containing a2 cDNA insert
of human pl5 or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene. Real-time PCR was performed in an ABI
PRISM 7700 Sequence Detection System (Applied Biosystems),
using primer pair and an oligonucleotide probe with a 5
fluorescent reporter dye (6-carboxyfluorescein; 6FAM) and a
3’ quencher dye (carboxytetramethylrhodamine; TAMRA).

In each experiment, duplicates of a standard dilution series
of specific plasmids containing ¢cDNA from normal marrow
cells and 25 ng of cDNA of unknown samples were amplified
in a 50 pl reaction containing 1X Universal PCR Master Mix
(Applied Biosystems), 900 nmol/l of primer pair, 200 nmol/l
of an oligonucleotide probe with a 5’ fluorescent reporter dye
and a 3’ quencher dye. Relative gene expression was deter-
mined based on the threshold cycles of the gene for pI5 or
GAPDH. The assays were performed in triplicate, and mean
values of the three experiments were given. The RNA of MO7e
(p15 is methylated) and ku812 (pl5 is unmethylated) were
used as a negative control and a positive control respectively.

The primer and probe sequences are as follows: (1) plI5,
5"-ATCCCAACGGAGTCAACCG-3’, 6FAM 5-TTCGGGAG-
GCGCGCGATCC-3" TAMRA, and 5-GCTGCCCATCAT-
CATGACC-3'; (2) GAPDH, 5-GAAGGTGAAGGTCGGAGT-
3, 6FAM 5-CAAGCTTCCCGTTCTCAGCC-3* TAMRA,
5-AAGATGGTGATGGGATTTC-3".

Detection of PTPNI11 mutations

Exon 3 and exon 8 of PTPNII including the exon-~intron
boundary were amplified by PCR using previously described
primer pairs (Kosaki et al, 2002). A total of 100 ng of genomic
DNA was amplified in a 25 pl reaction buffer containing
03 pmol/pl of each primer, 02 mmol/l of deoxynucleotide
triphosphate, 1-0 mmol/l of MgCl, and 05 U of KOD-Plus-
DNA Polymerase (Toyobo, Osaka, Japan). The amplification
was carried out in a thermalcycler (GeneAmp PCR System
9700; Applied Biosystems) with an initial denaturation step
(2 min, 94°C), followed by 35 cycles consisting of three steps:
15 s at 94°C, 30 s at 58°C and 1 min at 68°C, and an extension
step (8 min, 68°C). The amplified products were analysed
using 2% agarose gel electrophoresis and purified with a
QIAquick PCR Purification Kit (Qiagen). The products were
then cloned into the pGEM-T Easy Vector System (Promega).

Eight recombinant colonies were removed and plasmid DNA
was extracted using a QIAprep spin plasmid miniprep kit
{Qiagen). Both sense and anti-sense strands were sequenced
using the ABI BigDye Terminator v3-1 Cycle Sequencing Kit
(Applied Biosystems) with T7 and SP6 Promoter primers
(Promega) by automatic DNA sequencer (ABI Prism 3100
Genetic Analyzer). Using the ¢cDNA sequence of the human
PTPNII gene (GenBank accession no. NMO002834) as the
query, a homology search of the GenBank database was
performed with the Basic Local Alignment Search Tool 2
(BLAST2) program.

The in vitro colony assay

In order to aid in the diagnosis of JMML (Niemeyer ef al,
1998), MNC from PB or BM of patients suspected of having
JMML were subjected to a methylcellulose colony assay as
reported previously (Ebihara et al, 2002). Briefly, 1 ml aliquots
of culture mixture containing 2 X 10* MNC, alpha-medium,
0-9% methylcellulose, 30% fetal bovine serum (FBS), 1%
bovine serum albumin (BSA) and 5 x 107> mol/l 2-mercapto-
ethanol were plated in standard 35 mm non-tissue culture
dishes. To each mixture was added granulocyte-macrophage
colony-stimulating factor (GM-CSF), whose concentration
ranged from 0 to 10 ng/ml Cultures were performed in
duplicate, and the number of colonies consisting of more than
40 cells was scored after 14 d of incubation at 37°C in a
humidified atmosphere with 5% CO,. Aberrant colony
formation was defined as the spontaneous formation of
colonies or hypersensitivity to GM-CSF (Emanuel ef al, 1991).

Results

Methylation status of p15 and pl16 in children with MDS
other than JMML

We analysed the methylation status of cell cycle regulatory
genes, pl5 and pl6, in children with MDS other than JMML.
Aberrant methylation of p15 was detected in seven of nine
children (78%) whereas none of the patients demonstrated
hypermethylation of p16 (Table I). A representative MSP result
is shown in Fig L. Both pl5 and pl6 were found to be
unmethylated in all samples from the normal adult volunteers.

Methylation status of p15 and p16 in children with JMML

In children with JMML, the hypermethylation of pl15 was
detected in only three of 18 cases (17%; Fig 1, Table II). The
gene was unmethylated in patients with AML occurring after
JMML (cases J17 and J18) as well (Table II). Aberrant
methylation of pI6 was undetectable in all patients with
JMML. The clinical and laboratory characteristics including
karyotype, colony growth in vitro and mutations in PTPNII
did not differ between the three patients (cases J10, J11 and
J13) with hypermethylated p15 and the others (Table IV).

808 © 2005 Blackwell Publishing Ltd, British Journal of Haematology, 128, 805-812
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normal
MC UC pg Ml M2 M7 M9 blank
Maiker M U MU MU MU MU M U M, U M U

Fig 1. Methylation specific PCR for the pl5
gene in paediatric MDS (a) and JMML (b). 200 bp
M = methylated allele; and U = unmethylated  100tp
allele. Universally methylated DNA and DNA
extracted from PB of normal adult volunteers B

MC  UC )2 I8 Jio Ji1 J13

blank

was used as a methylated control (M.C.) and
unmethylated control (U.C.) in all analyses
respectively. PCR without a DNA template
(blank) was performed in all analyses as well.

300 bp
100 bp

Maker' M U M U MU MU MUMU MU

M U

Table IV. Comparison of clinical and laborat-
ory characteristics of three patients with JMML

Other cases (n = 15),

and p15 hypermethylation and those without j10 i J13 median (range)

P15 hypermethylation.
Age at presentation (months) 63 1 50 34 (3-69)
Gender Male Male Male Male:female = 7:8
WBC (><109/1) 266 1510 167 284 (4-1-72-3)
Monocytes (x10°/1) 32 468 33 45 (08-195)
Hb (g/di) 119 84 76 95 (63—-12'5)
Platelets (X109/l) 54-0 34-0 267-0 380 (7-0-171-0)
HbF (%) 230 Not tested 160 265 (1-0-780)
BM nucleated cells (X109/1) 384-0 2350 2410 329-0 (72:0-840-0)
Blasts in BM (%) 16 7'3 28 49 (0-4-10-0)
Monocytes in BM (%) 44 43 5-7 49 (0-4-14-8)
Aberrant colony formation (+) (+) (=) (4+) in 13 of 15 cases
PTPN11 mutation (+) (-) (-) (4+) in 6 of 12 tesied

Karyotype

Normal -7 Normal Abnormal in three of 15 cases

Expression of p15 mRNA in children with MDS and
JMML

We performed a real-time quantitative RT-PCR to assess the
correlation between hypermethylation and expression of the
P15 gene in 10 patients whose RNA was available (methylated
pl5 n =5, unmethylated p15; n = 5). We did not find a
significant difference in pI5 expression level between the
subgroup with p15 methylation and the subgroup without pI5
methylation (Mann—Whitney test); the mean expression level
of p15 normalized by the expression level of GAPDH was
301 x 107" and 343 x 107* respectively (Fig 2). The expres-
sion level in MO7e (negative control) was 0114 X 10~
that in ku812 (positive control) was 571 x 107*

4 whereas

PTPN11 mutation in paediatric MDS and JMML

We detected PTPN11 mutations in seven of 15 children with
JMML (47%; Table II). In contrast, eight children with MDS$
other than JMML were found to have the germline configur-
ation in PTPN11 (Table I). No children with JMML or MDS in
this study had been diagnosed with Noonan syndrome or
neurofibromatosis-1.

In vitro colony assay in JMML

We performed an in vitro colony assay in all 18 patients with
JMML. Of those, the spontaneous formation of colonies or

PISAGAPLH
12310+ N.S.
102154 s
30x1074 °
60104
4021074
e a
205104 e s
M
o
0
plSmethylated pliunmethylated

Fig 2. pl5 mRNA levels were measured by quantitative, real-time RT~
PCR. The expression levels are displayed as ratios between p15 and
GAPDH. The horizontal bar indicates the median value of each group.
The expression level of pI5 in the subgroup with pl5 methylation
(n = 5) was not different from that in the subgroup without p15
methylation (7 = 5; Mann~Whitney test).

hypersensitivity to GM-CSF was demonstrated in 15 cases
(Table II).

Discussion

The aberrant methylation of tumour-suppressor genes is now
recognized as a well-established event in the development and
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progression of solid tumours and haematological malignancies
(Jones & Laird, 1999; Herman & Baylin, 2003). Several studies
have reported that the pl5 gene, encoding a CDK inhibitor, is
frequently methylated in adult patients with acute leukaemia
and MDS (Herman et al, 1997; Uchida et al, 1997; Quesnel
et al, 1998; Cameron et al, 1999; Guo et al, 2000; Wong et al,
2000; Toyota et al, 2001; Daskalakis et al, 2002; Garcia-
Manero- et al, 2002, 2003; Aoki ef al, 2003; Gutierrez et .al,
2003; Tessema et al, 2003). In paediatric patients with acute
lymphoblastic leukaemia (ALL) and AML, p15 was methylated
as frequently as in adult patients (Herman ef al, 1997; Guo
et al, 2000; Wong et al, 2000; Garcia-Manero et al, 2003;
Gutierrez et al, 2003). To our knowledge, there have been no
reports investigating the methylation status of cell cycle
regulatory genes in paediatric MDS and MPD.

In this study, we examined the methylation status of the pl5
and pl6 genes in nine children with MDS other than TMML
and 18 children with JMML using MSP, a reliable method of
detecting methylated alleles (Herman et al, 1996). The fre-
quency of p15 hypermethylation in paediatric MDS other than
IMML was 78%, which was comparable with that in adult
MDS. In contrast, we found that the frequency of pl5
hypermethylation was much lower in patients with JMML
(3/18; 17%) than adules with each subtype of MDS or with
CMML (Uchida et al, 1997; Quesnel et al, 1998; Daskalakis
et al, 2002; Aoki et al, 2003; Tessema et al, 2003). The clinical
and laboratory characteristics of the three patients with pI5
hypermethylation were not different from those of the others.
Tt is known that a deregulated Ras signalling pathway,
including neurofibromin encoded by NE-1 and SHP-2 encoded
by PIPNII, is responsible for the leukaemogenesis in a
majority of patients with JMML and that mutations in Ras,
NFI and PTPN11 are mutually exclusive in JMML (Miyauchi
et al, 1994; Niemeyer et al, 1997; Isomura et al, 2003; Tartaglia
et al, 2003; Loh et al, 2004). We investigated the prevalence of
mutations in the PTPNI1I gene in children with JMML
{(rn = 15) and MDS {(n = 8). We detected PTPNI11 mutations
in 47% of the cases with JMML and 0% of those with MDS.
One patient with p15 hypermethylation also showed PTPN11
mutation (case J10). It is possible that the hypermethylation of
p15 is coincidental with mutation of PTPN11 and may not be a
critical event in JMML, although further investigation is still
needed to darify whether they cooperate in pathogenesis.

Tt is known that in a subset of patients with TMML, the
disease progresses with an increase in the number of blasts,
evolving into AML, a condition referred to as blastic crisis and
seen in patients with chronic myeloid leukaemia. We analysed
two children with AML who had initially been diagnosed with
JMML, and found that p15 and p16 were unmethylated in both
cases. Although the number of patients was limited, our
hypothesis that the aberrant methylation of cell cycle regula-
tory genes might contribute to the progression from JMML to
AML was not verified in this study.

Wong et al (2000) reported that paediatric patients with
acute leukaemia carrying pl5 hypermethylation had a chro-

mosomal aberration more frequently than children without
pl5 hypermethylation. Tn contrast, the association between
p15 methylation and abnormal cytogenetics was not observed
in paediatric patients with ALL by Garcia-Manero ef al
(2003). In therapy-related MDS and AML, hypermethylation
of pl5 was strongly celated to deletion or loss of chromo-
some arm 7q (Au et al, 2003; Christiansen ef al, 2003). In
this study, three of 10 patients (309%) with hypermethylated
p15 and three of 17 (18%) patients with unmethylated p15
had a chromosomal aberration, vespectively, but the differ-
ence was not statistically significant (P = 0-387, Fisher’s exact
test).

Abervant promoter CpG island methylation leads to tran-
scriptional silencing, but some investigators reported that
aberrant methylation of p15 in leukaemic cells is not always
associated with transcriptional loss (Preisler et al, 2001 Teofili
et al, 2003). We did not find the silencing of p15 by aberrant
methylation in children with MDS and JMML. Tt might be
attributable to heterogeneous patieins and varying density of
methylation in feukaemic cells (Cameron ef al, 1999), or an
unknown mechanism other than methylation regulating p15
expression (Preisler et al, 2001).

Stem cell transplantation (SCT) is recognized as the only
curative treatment for advanced MDS both in adults and in
children, and especially for JMML (Locatelli et al, 1997;
Manabe ef al, 2002). Relapse after SCT is a major cause of
treatment failure. Demethylating agents, such as 5-Azacyti-
dine and 5-Aza-2’-deoxycytidine (decitabine), are known to
reverse aberrant methylation both in vitro and in vivo.
Indeed, these drugs have been tested in several clinical trials
in adult MDS and were shown to induce a haematological
response (Daskalakis ef al, 2002; Silverman et al, 2002; Issa
et al, 2004). Since we showed that pl15 was frequently
methylated in children with MDS, it is likely that a subset
of children with relapsed or resistant MDS may benefit from
demethylating agents, as well as adults. Tn JMML, pl5
hypermethylation was observed in only a few patients. It
might be worth assessing the effects of demethylating agents
in vitro, taking advantage of the availability of a colony assay
for JMML to test mew drugs (Emanuel et al, 2000). We
performed a preliminary experiment using decitabine at 2
concentration of 10~° mol/l Decitabine demonstrated an
inhibitory effect on spontaneous colony growth in a sample
from a patient with TMML who had hypermethylated pl15,
whereas the colony growth in a sample from a normal
volunteer co-cultured with haematopoietic factors was not
inhibited (data not shown).

In conclusion, this is the first study to examine the
methylation status of cell cycle regulatory genes in paediatric
MDS and JMML. The incidence of aberrant methylation in
paediatric MDS was comparable with that in adult MDS.
Although hypermethylation in JMML is a rare event, an
examination of methylation status and the in vitro testing of
demethylating agents could identify patients who might benefit
from such drugs.
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