Supporting Information

Figure S1 Schematic representation of the isobologram
of Steel and Peckham. Envelope of additivity, surrounded by
Mode I (solid line) and Mode II (dotted lines) isobologram lines,
was constructed from the dose-response curves of bendamustine
and a combined drug. The concentrations that produced 80% or
50% growth inhibition were expressed as 1.0 on the ordinate and
the abscissa of isobolograms. Combined data points Pa, Pb, Pc and
Pd represent supra-additive, additive, sub-additive and protective
effects, respectively.

(TIF)

Figure S2 Time-course analysis of ATM, ATR and p53
phosphorylation in HBL-2 cells treated with IC50 values
of bendamustine or 4-OHCY. We used specific antibodies
against phosphorylated p53 at Ser-15, phosphorylated ATM at
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Abstract Several clinical trials have demonstrated the
effectiveness of bortezomib in combination with various
anti-myeloma agents; however, no definitive information is
available regarding drugs best suited for use in combina-
tion with bortezomib. Using isobologram analysis, we
investigated the combined effects of bortezomib with four
key anti-myeloma drugs (melphalan, cyclophosphamide,
doxorubicin and lenalidomide), which represent compo-
nents of major bortezomib-based regimens with cortico-
steroids, in three myeloma cell lines (U266, RPMI8226 and
KMS-12BM) under various conditions. Melphalan showed
the best performance with bortezomib under all culture
conditions tested (liquid culture, on fibronectin-coated
plates, and co-culture with bone marrow stromal cells),
whereas cyclophosphamide was antagonistic with bort-
ezomib especially in the presence of stromal cells. Doxo-
rubicin showed additive effects under stroma-free
conditions and in contact with fibronectin, but was rather
antagonistic in the presence of stromal cells. In contrast,
lenalidomide exerted the most favorable effect with bort-
ezomib in contact with stromal cells. Consistent with these
results, caspase-3 was activated more strongly by mel-
phalan than by other agents in combination with bortezo-
mib. Moreover, bortezomib-induced up-regulation of
CHOP was readily enhanced by lenalidomide in contact
with stromal cells. The present findings may provide
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fundamental information for the selection of bortezomib-
based regimens for myeloma patients.

Keywords Bortezomib - Drug combination -
Isobologram - Bone marrow microenvironment

Introduction

Bortezomib (Velcade®) is the first proteasome inhibitor
approved for clinical application and now indispensable for
the treatment of multiple myeloma (MM) [1, 2]. The pro-
teasome is a proteolytic machinery that executes the deg-
radation of polyubiquitinated proteins to maintain cellular
homeostasis [3]. MM cells are very sensitive to proteotoxic
stress because of intracellular protein overload due to
excessive immunoglobulin synthesis, rapid cell cycling,
and inhibition of proteolytic apoptosis signaling, providing
a rationale for therapeutic intervention [4]. Indeed, we and
others have demonstrated that bortezomib increases pro-
teotoxic stress via down-regulation of histone deacetylases
(HDACGs) [5-7]. In addition, this drug can overcome cell
adhesion-mediated drug resistance (CAM-DR) via down-
regulation of very late antigen-4 (VLA-4) in an HDAC-
dependent manner [8—10].

From the results of mechanistic studies, it is easy to
speculate that bortezomib could sensitize MM cells to other
anti-cancer agents, because HDACs play crucial roles in
the innate drug resistance of cancer stem cells [11] and
VLA-4-mediated CAM-DR is a major cause of treatment
failure in MM [12, 13]. In fact, bortezomib-based regimens
have been established as primary options for both trans-
plantation-eligible and -ineligible patients with MM.
Considerable clinical benefits have been obtained by VMP
(Velcade® with melphalan and prednisone) [14], VCD
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(Velcade® with cyclophosphamide and dexamethasone)
[15], VTD (Velcade® with thalidomide and dexametha-
sone) [16], RVd (Velcade® with lenalidomide [Revlimid®]
and dexamethasone) [17], PAD (bortezomib with pegylat-
ed liposomal doxorubicin and dexamethasone) [I8] and
several other combinations in independent studies. The
emerging question is which is the best regimen as a first-
line treatment; however, it is not realistic to determine the
superiority among these regimens on the basis of clinical
trials.

Preclinical investigation is, therefore, important to
define the most suitable bortezomib combination to further
improve the treatment outcome of patients with MM;
however, to our knowledge, no systematic studies have
been conducted on this subject. In this study, we attempted
to determine the optimal agents to be combined with
bortezomib using isobologram analyses not only under the
usual stroma-free conditions but also in contact with
fibronectin and bone marrow (BM) stromal cells, because
the interaction with stromal cells and/or the extracellular
matrix promotes the survival, proliferation and drug
resistance of MM cells [19, 20]. The present study may
provide a rationale for the design of effective bortezomib-
based regimens for myeloma patients.

Materials and methods
Drugs

The drugs used in this study and their sources are bort-
ezomib (LC Laboratories, Wobum, MA, USA), 4-Hy-
droxycyclophosphamide (4-OHCY; an active form of
cyclophosphamide), melphalan (L-PAM), dexamethasone
(Wako Biochemicals, Osaka, Japan), doxorubicin (Meiji,
Tokyo, Japan) and lenalidomide (BioVision, Milpitas, CA,
USA). All drugs were dissolved in dimethyl sulfoxide at
appropriate concentrations and used at a final dilution of
1/1000. The final concentration of dimethyl sulfoxide in the
culture medium was <0.1 %, a concentration that did not
affect the drug effects and cell growth per se.

Cells and cell culture

We used 3 bona fide human MM cell lines, KMS12-BM,
RPMI8226 and U266, in this study [21]. Other hemato-
poietic cell lines and their origins are IM9 (Epstein-Barr
virus-immortalized B-lymphoblastoid cells), MOLT-3
(acute T-lymphoblastic leukemia), and HBL-2 (mantle cell
lymphoma). These cell lines were purchased from the
Health Science Research Resources Bank (Osaka, Japan)
and maintained in RPMI1640 medium (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10 % heat-

inactivated fetal calf serum (FCS) (Sigma-Aldrich). The
human BM-derived stromal cell line UBE6T-7, which was
immortalized by transducing with a human telomerase
catalytic protein subunit, was kindly provided by Dr.
Akihiro Umezawa (National Research Institute for Child
Health and Development, Tokyo, Japan) [22].

In vitro co-culture system with BM stromal cells
to recreate the BM microenvironment

In this study, we used a culture system devised by a
modified cell culture insert of Kawada et al. [23]. First,
UBEG6T-7 stromal cells were cultured with DMEM medium
supplemented with 10 % FCS on the reverse side of the
polyethylene terephthalate track-etched membrane of a cell
culture insert (35-3495, high pore density cell culture
insert; Becton—Dickinson, San Jose, CA, USA) in a 24-well
plate (35-3504; Becton-Dickinson). After obtaining a
confluent feeder layer, the medium was changed to
RMPI1640 medium supplemented with 10 % FCS. MM
cells were seeded on the upper side of the membrane of the
insert where cytoplasmic villi of UBE6T-7 cells passed
through the etched 0.4-pum pores. In this system, even
though they directly adhered to UBEG6T-7 cells during
culture, co-cultured MM cells could easily be harvested
without contamination by UBEG6T-7 cells. In another con-
dition, UBE6T-7 cells were cultured at the bottom of wells
in a 24-well plate (35-3504; Becton-Dickinson). After
obtaining a confluent feeder layer, the medium was chan-
ged to RMPI1640 medium supplemented with 10 % FCS.
MM cells were seeded on the upper side of the insert (35-
3095, low pore density cell culture insert; Becton—Dick-
inson). Under this condition, MM cells were physically
separated from the stromal layer, providing an adhesion-
negative control.

MTT cell proliferation assays

Cell proliferation was monitored using a Cell Counting Kit
(Wako Biochemicals). In brief, cells were seeded in
96-well flat-bottomed microplates at a density of 1 x 10°
cells per well and incubated with or without drugs for 72 h
at 37 °C. After incubation, the absorbance of reduced MTT
was measured at a wavelength of 450 nm using a micro-
plate reader and expressed as a percentage of the value of
corresponding untreated cells [24].

The isobologram of Steel and Peckham
We evaluated cytotoxic interactions of bortezomib and
other agents at the point of ICg, using the isobologram of

Steel and Peckham [25]. The ICgy; was defined as the
concentration of drug that produced 80 % cell growth

@ Springer
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Fig. 1 Cytotoxic interactions of bortezomib and other anti-myeloma
agents analyzed by the isobologram of Steel and Peckham.
a Schematic representation of an isobologram of Steel and Peckham.
The concentrations that produced 80 % cell growth inhibition are
expressed as 1.0 on the ordinate and the abscissa of isobolograms.
The envelope of additivity, surrounded by mode I (solid line) and
mode II (broken lines) isobologram lines, is constructed from the
dose-response curves of bortezomib and a combined drug. When the
data points of the drug combination fall within the envelope of
additivity (Pb), the combination is regarded as additive. When the
data points fall to the left of the envelope (Pa), the drug combination
is regarded as supra-additive (synergism). When the points fall to the
right of the envelope but within the square or on the square line (Pc),
the combination is regarded as sub-additive. When the data points are
outside the square (Pd), the combination is regarded as protective
(antagonism). b We cultured U266, RPMI8226, IM9, MOLT3 and

inhibition; that is 80 % reduction of absorbance. We have
previously described the theoretical basis of the method
and the procedure for making isobolograms in detail [26,
27]. In brief, three isoeffect curves were constructed based
upon the dose-response curves of bortezomib and other
agents (Fig. la). If two agents act additively by indepen-
dent mechanisms, combined data points lie near the Mode I
line (hetero-addition). If two agents act additively by
similar mechanisms, combined data points lie near the
Mode II lines (iso-addition). Because we cannot determine
in advance whether the combined effects of two agents
would be hetero-additive, iso-additive, or have an inter-
mediate effect between these extremes, all possibilities
should be considered. Thus, when the data points of the
drug combination fall within the area surrounded by three
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HBL-2 cells with various concentrations of bortezomib for 72 h. Cell
proliferation was measured by MTT assays. Absorbance at 450 nm is
shown on the y-axis as a percentage of the values of corresponding
untreated cells. Each point represents the mean value of at least 10
independent experiments; the SEMs were less than 25 % and were
omitted. ¢ U266 cells were cultured with various concentrations of
bortezomib and melphalan (L-PAM) for 72 h. Cell growth was
measured by MTT assays and plotted as a percentage of the value of
untreated cells. The concentrations of bortezomib and melphalan (L-
PAM) are indicated on the abscissa and the right upper part of the
panel. Each point represents the mean value of at least three
independent experiments; the SEMs were less than 20 % and were
omitted. d Isobolograms of bortezomib in combination with 4-OHCY,
melphalan (L-PAM) or doxorubicin in U266 cells are shown. Each
point tepresents the mean value of at least three independent
experiments; the SEMs were less than 25 % and were omitted

lines (envelope of additivity), the combination is regarded
as additive. The envelope of additivity should not be
considered as a reliable definition of additivity. The
expression of uncertainty is an important concept of the
isobologram method of Steel and Peckham. When the data
points fall to the left of the envelope, i.e., the combined
effect is caused by lower doses of the two agents than was
predicted, we regard the drug combination as supra-addi-
tive/synergistic. When the points fall to the right of the
envelope, i.e., the combined effect is caused by higher
doses of the two agents than was predicted, but within the
square or on the line of the square, we regard the combi-
nation as sub-additive, i.e., the combination is superior or
equal to a single agent but is less than additive. When the
data points are outside the square, the combination is
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regarded as protective, i.e., the combination is inferior to a
single agent in cytotoxic action. Both sub-additive and
protective interactions are regarded as antagonism.

The isobologram of Chou and Talalay

Th cytotoxic interaction was also evaluated using the
method of Chou and Talalay [28, 29]. We generated is-
obolograms and calculated the combination index (CI) of
bortezomib and other drugs using CompuSyn software
according to the manufacturer’s instructions (http://www.
combosyn.com).

Data analysis

To determine whether the condition of synergism (or
antagonism) truly existed, we performed the Wilcoxon
signed-rank test to compare the observed data with the
predicted minimum (or maximum) data as described pre-
viously [26, 27]. Probability values P < 0.05 were con-
sidered significant. Combinations with P > 0.05 were
regarded as having an additive/synergistic or additive/
antagonistic effect. We used the Stat View 4.01 software
program (Abacus Concepts, Berkeley, CA, USA) for sta-
tistical analysis.

Immunoblotting

Immunoblotting was carried out according to the standard
method using specific antibodies against caspase-3, CHOP
and GAPDH (Cell Signaling Technology, Beverly, MA,
USA) [30].

Results

Higher sensitivity of MM cell lines to bortezomib
than non-MM cell lines

First, we determined the sensitivity of five cell lines,
including two MM cell lines, to bortezomib. The dose—
response curves of bortezomib for U266, RPMI18226, IM9,
MOLT3 and HBL-2 are shown in Fig. 1b. Among these
cell lines, the growth of MM cell lines was inhibited at
lower concentrations than non-MM cell lines, reproducing
the higher sensitivity of MM cells to bortezomib in vitro.
The ICgy values of bortezomib were calculated based on
the dose-response curves: 5.4 + 0.7 nM for U266,
9.8 £ 1.1 nM for RPMI8226, 16.7 &= 2.2 nM for IM9,
21.2 + 3.5 nM for MOLT3 and 22.7 £ 3.8 nM for HBL-
2. We also determined the ICgq levels of other drugs used
in the present study for MM cell lines for combination
studies (data not shown).

Cytotoxic interactions between bortezomib and other
anti-myeloma drugs in liquid culture

We analyzed the cytotoxic interactions between bortezo-
mib and other drugs using the isobologram method of Steel
and Peckham as described in the “Materials and methods”
section. To generate isobolograms, we first obtained the
dose-response curves of bortezomib in combination with
other drugs. As an example, Fig. Ic shows the dose—
response curves of bortezomib in combination with mel-
phalan in U266 cells. Based on the dose-response curves,
we generated the isobologram to analyze the combined
effects of bortezomib and melphalan, in which data points
of the combination are distributed in the area of supra-
additivity to sub-additivity, but mostly in the area of
additivity (Fig. 1d, middle panel). This indicates that the
combination of bortezomib and melphalan exerts an addi-
tive or synergistic cytotoxicity in U266 cells. In contrast,
all but two data points fell in the area of sub-additivity in
isobolograms of bortezomib in combination with 4-OHCY,
suggesting that this combination is not so favorable
(Fig. 1d, left panel). In the bortezomib and doxorubicin
combination, all data points fell in the area of additivity,
indicating that the two drugs are additive in U266 cells
(Fig. 1d, right panel). The difference among melphalan,
4-OHCY and doxorubicin was statistically significant: the
mean values of observed data were 0.55 (predicted range:
0.57-0.83; P < 0.05 by the Wilcoxon signed-rank test),
0.62 (predicted range: 0.42-0.77; P > 0.05) and 0.54
(predicted range: 0.38-0.82; P > 0.05) for melphalan,
4-OHCY and doxorubicin, respectively, in combination
with bortezomib (Table 1). The virtually identical results
were obtained in RPMI8226 cells (Table 1). Furthermore,
the combination of bortezomib and dexamethasone yielded
synergistic cytotoxicity in both U266 and RPMI8226 cell
lines (Table 1), providing a rationale for the inclusion of
corticosteroids in bortezomib-based regimens for MM.
Because these preliminary data were obtained in adhesion-
free liquid culture, we attempted to confirm the results
under conditions closer to in vivo in the following step.

Establishment of the in vitro culture systems to recreate
the BM microenvironment

It is well conceived that MM cells expand in the BM
microenvironment and acquire drug resistance through the
interaction with stromal cells and extracellular matrix
proteins [19, 20]. We therefore established in vitro culture
systems recapitulating the BM microenvironment to
investigate cytotoxic interactions of bortezomib and other
anti-cancer drugs against MM cells under conditions closer
to in vivo. To this end, we first used fibronectin-coated
plates, because the adhesion-mediated signals between
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Table 1 Quantitative analysis of the combination of bortezomib and other drugs in myeloma cells

Combined drugs Cell lines Data points Observed data* Predicted min.** Predicted max.*** Effects”

Melphalan U266 8 0.55 0.57 0.83 Synergistic
RPMIB226 8 0.40 0.50 0.77 Synergistic/additive

4-OHCY U266 6 0.62 0.42 0.77 Additive
RPMIB226 6 0.65 0.62 0.75 Additive

Doxorubicin U266 8 0.54 0.38 0.82 Additive
RPMIg8226 6 0.66 0.37 0.79 Additive

Dexamethasone U266 6 0.87 0.63 0.99 Synergistic
RPMI8226 8 0.54 0.61 0.80 Synergistic

* Mean values of observed data (SD not shown)

** Mean values of the predicted minimum values for an additive effect (SD not shown)

*##* Mean values of the predicted maximum values for an additive effect (SD not shown)

# Overall effect of drug combination was evaluated by the Wilcoxon signed-rank test. If the observed values are significantly (P < 0.05) smaller
than the predicted minimum values, the combination is regarded as synergistic. If P values are >0.05, the combination is regarded as additive/
synergistic. If the observed data fall between the predicted minimum and maximum values, the combination is regarded as additive

fibronectin and VLA-4 play critical roles in the establish-
ment of CAM-DR in MM cells [12, 13]. We treated
KMS12-BM and RPMI8226 cells with either 4-OHCY or
doxorubicin in microplates coated with or without fibro-
nectin. As anticipated, the presence of fibronectin signifi-
cantly attenuated the cytotoxic activity of 4-OHCY
(Fig. 2a) and doxorubicin (Fig. 2b) in both cell lines,
recapitulating the fibronectin-mediated drug resistance
in vitro.

Second, we constructed a co-culture system using a cell
culture insert, which allows co-culture of MM and stromal
cells with or without direct contact (Fig. 2c). Using this
system, we treated MM cell lines with either 4-OHCY or
doxorubicin with or without direct adhesion to stromal
cells. As shown in Fig. 2d, direct contact with stromal cells
significantly reduced the cytotoxic activity of 4-OHCY and
doxorubicin in KMS12-BM cells. The virtually identical
results were obtained in RPMI8226 cells (data not shown).
These results validate that the direct adhesion to stromal
cells confers strong drug resistance to MM cells, repro-
ducing CAM-DR in vitro. Using this system, we investi-
gated the combined effects of bortezomib with other anti-
cancer drugs under the conditions resembling the BM
microenvironment in vivo.

Cytotoxic interactions between bortezomib and other
anti-myeloma drugs in contact with fibronectin
or stromal cells

Recently, bortezomib-based regimens, such as VMP, VCD,
PAD and RVd, have been used for the initial treatment of
MM with considerable success [14-18]. These regimens
are composed of bortezomib, corticosteroids and one
additional drug; melphalan, cyclophosphamide,
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doxorubicin or lenalidomide. It is important to determine
which drug makes the most effective combination with
bortezomib in preclinical studies, because it is not realistic
to accomplish this with clinical trials. We, therefore com-
pared the combined effects of the four drugs with bort-
ezomib under stroma-free conditions and in contact with
fibronectin or stromal cells using the isobologram of Chou
and Talalay instead of the isobologram of Steel and
Peckham, because the former allows quantitative assess-
ment of the combined effects more easily and objectively
[28].

To generate isobolograms, we first obtained the dose—
response curves of bortezomib in combination with the
four drugs under each culture condition (data not shown).
Then, we generated non-constant normalized isobolo-
grams and determined the CI values at ICsy using Com-
puSyn software [28, 29]. Figure 3a shows the definition of
the combined effects according to the location of data
points in the isobologram generated by this method.
Figure 3b shows representative isobolograms of the
combined effects of bortezomib and the four drugs in
RPMI8226 cells under stroma-free conditions. The results
of the same analyses performed in contact with fibro-
nectin and stromal cells are shown in Fig. 3¢ and d,
respectively. It is of note that all data points of the
combination with melphalan fell within the area of syn-
ergism or additivity under stroma-free conditions and
within the area of additivity even in the presence of
fibronectin or stromal cells. Most of the data points of the
doxorubicin combination fell in the area of additivity,
whereas those of 4-OHCY were mostly in the area of
antagonism under any conditions. These results suggest
that melphalan and doxorubicin make favorable combi-
nations with bortezomib, but 4-OHCY is rather
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Fig. 2 Establishment of in vitro culture systems for recreating the
bone marrow microenvironment. a KMS12-BM and RPMI8226 cells
were cultured with various concentrations of 4-OHCY in 96-well
plates coated with (filled circle/square) or without (open circle/
square) fibronectin (FN) for 72 h. Cell proliferation was measured by
MTT assays and expressed as a percentage of the values of
corresponding untreated cells. b The same experiment was performed
with doxorubicin. The mean & SD (bars) of three independent
experiments are shown. P values were calculated by one-way
ANOVA with the Student-Newman-Keuls multiple comparisons
test. *P < 0.05. ¢ Diagram of the culture system used in this study.

antagonistic, regardless of the culture conditions of
RPMI8226 cells.

Next, we quantitatively compared the CI values of
bortezomib in combination with the four drugs in
KMS12-BM and RPMI8226 cells under three culture
conditions. The CI values of bortezomib and melphalan
were mostly lower than those of other combinations in
both cell lines not only under stroma-free conditions
(Fig. 4a), but also in contact with fibronectin (Fig. 4b) or
stromal cells (Fig. 4c). These results suggest that mel-
phalan has stronger combined effects with bortezomib on
MM cells than other agents under any circumstances. In
contrast, cyclophosphamide was mostly sub-additive with
bortezomib and antagonistic in the presence of stromal
cells. Doxorubicin showed additive effects under stroma-
free conditions and in contact with fibronectin, but was
rather antagonistic when stromal cells were present
(Fig. 4c). Consistent with these results, melphalan
enhanced  bortezomib-induced caspase-3  activation
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See “Materials and methods” for detailed description of the culture.
d KMS12-BM cells were cultured in the absence or presence of either
4-OHCY (left) or doxorubicin (right) in a cell culture insert with or
without direct adhesion to UBE6T-7 stromal cells. After 72 h culture,
cells were harvested and subjected to MTT assays for cell prolifer-
ation, which is expressed as a percentage of the values of
corresponding untreated cells. The mean &+ SD (bars) of three
independent experiments are shown. P values were calculated by
one-way ANOVA with the Student-Newman-Keuls multiple com-
parisons test. *P < 0.05

significantly stronger than 4-OHCY and doxorubicin did
at equitoxic concentrations in RPMI8226 cells in contact
with stromal cells (Fig. Sa, b).

On the other hand, CI values of lenalidomide in com-
bination with bortezomib were equal to or even higher than
those of melphalan and doxorubicin under stroma-free
conditions (Fig. 4a) and in contact with fibronectin
(Fig. 4b). However, CI values were equal to or even lower
than those of other agents in the presence of stromal cells
(Fig. 4c). In support of this observation, the combination of
bortezomib and lenalidomide readily increased the
expression of CCAAT/enhancer-binding protein homolo-
gous protein (CHOP), a pro-apoptotic transcription factor
induced by excessive protein overload in the endoplasmic
reticulum (ER) and subsequent activation of ATF4 [31,
32], in RPMIB226 cells in the presence of stromal cells
(Fig. 5c, d). This suggests that the cytotoxic action of the
two drugs converges at the unfolded protein response,
leading to ER stress-induced apoptosis.
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Fig. 3 Isobologram analysis of cytotoxic interaction of bortezomib
and other anti-myeloma agents under stroma-free conditions and in
contact with fibronectin or stromal cells. a Schematic representation
of the non-constant normalized isobologram of Chou and Talalay.
When the data points of the drug combination fall within the shaded
area (envelope), the combination is regarded as additive. When the
data points fall to the left and right of the envelope, the drug
combination is regarded as synergistic and antagonistic, respectively.
b RPMI8226 cells were treated with bortezomib in combination with
the indicated drugs under stroma-free conditions for 72 h.
¢ RPMI8226 cells were treated with bortezomib in combination with

Discussion

In this study, we investigated the cytotoxic interaction of
bortezomib with four anti-myeloma drugs (melphalan,
cyclophosphamide, doxorubicin and lenalidomide) under
stroma-free conditions and in contact with fibronectin or
bone marrow stromal cells using isobologram methods. We
found that, among the four key anti-myeloma drugs, mel-
phalan makes the best combination with bortezomib under
any conditions, and thus, is considered the most suitable
drug to be combined with bortezomib for MM treatment
along with corticosteroids, which also exert a strong
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the indicated drugs in contact with fibronectin for 72 h. d RPMI8226
cells were treated with bortezomib in combination with the indicated
drugs in contact with stromal cells for 72 h. Cell proliferation was
measured by MTT assays and expressed as a percentage of that of the
corresponding untreated cells. Dose-response curves of each combi-
nation were generated to make non-constant normalized isobolo-
grams. The isobolograms shown are representative of at least three
independent experiments. Each point represents the mean value of at
least three independent experiments; the SEMs were less than 25 %
and were omitted

synergistic effect with bortezomib. This finding is consis-
tent with clinical evidence that the combination of bort-
ezomib, melphalan and prednisone (VMP) has an obvious
survival benefit demonstrated in phase III trials as a
frontline therapy for transplantation-ineligible MM
patients, and thus, is recommended as a Grade A/Category
1 regimen in the guidelines of the International Myeloma
Working Group, National Comprehensive Cancer Net-
work, Japanese Society of Myeloma, and Japanese Society
of Hematology [33, 34]. Unexpectedly, 4-OHCY, an active
metabolite of cyclophosphamide, was antagonistic with
bortezomib especially in the presence of stromal cells. In
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fact, the combination of bortezomib, cyclophosphamide
and dexamethasone is not recommended for transplanta-
tion-eligible, -ineligible or relapsed/refractory cases in any
guidelines because of the lack of concrete clinical evidence
to support the use of this combination as a first-line treat-
ment at present, although it is possible that the CyBorD
combination will be included in the Grade A/Category 1
regimens for pre-transplantation settings in the future [35].

Myeloma cells may mimic plasma cell leukemia under
stroma-free culture conditions and provide a clue to
develop better treatment strategies for this highly intrac-
table disease [36]. Moreover, RPMI8226 and U266 cell
lines are suitable for this purpose because they were
established from peripheral blood of myeloma patients
[21]. The present study revealed that melphalan and
doxorubicin made better combination with bortezomib than
4-OHCY and lenalidomide in RPMI8226 and U266 cells
under stroma-free conditions. This is consistent with recent
clinical findings that treatment outcome of plasma cell
leukemia has been significantly improved by bortezomib in
combination with either melphalan or doxorubicin with or
without stem cell support [37-39].

Currently, it is unclear why the two SN2 alkylating
agents with similar mechanisms of action exert contrasting
effects in combination with bortezomib even in the absence
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combination with the indicated agents in KMS-12BM and RPMI8226
cells. CI values under stroma-free conditions (a), in contact with
fibronectin (b), and in contact with stromal cells (¢) are shown. Data
are the mean = SD (bars) of three independent experiments

of cell adhesion. This might be explained by the different
kinetics of DNA damage induction between the two drugs.
The formation of interstrand DNA crosslinks peaks at 4-8
and 16 h of treatment with cyclophosphamide and mel-
phalan, respectively [40, 41]. Furthermore, cyclophospha-
mide-induced DNA crosslinks are almost completely
repaired within 24 h by the Fanconi pathway [40], whereas
those by melphalan last longer, with approximately 40 %
of the lesions remaining after 40 h of treatment [41].
Bortezomib blocks the repair of DNA interstrand crosslinks
at the initial step via interruption with the activation of the
Fanconi pathway [42-44]. Therefore, it is likely that
bortezomib interferes with the repair process of melphalan-
induced DNA damage more profoundly than that of
cyclophosphamide-induced damage because of the long-
lasting nature of the former, thereby causing more favor-
able combined effects with melphalan. This argument rai-
ses another important matter of debate: whether the order
of addition affects the combined effects of bortezomib and
other agents, especially melphalan.

The major obstacle of the present study is that the
combined effect was assessed only with simultaneous
addition of two drugs, because washing out the first drug is
technically impossible in the co-culture system using a cell
culture insert. This partly explains the discordance between
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Fig. 5 Effects of bortezomib combinations on the expression of
caspase-3 and CHOP in RPMI8226 cells. a RPMI8226 cells were
cultured in the absence (—) or presence (+) of 5 nM bortezomib in
combination with ICy and ICsy doses of 4-OHCY, melphalan (L-
PAM) and doxorubicin (Doxo). After 48 h, whole cell lysates were
prepared and subjected to immunoblotting for the expression of full-
length caspase-3 and GAPDH (internal control). b The signal
intensities of each band in (a) were quantified, normalized to those
of the corresponding GAPDH, and shown as relative values of
caspase-3 expression setting the untreated control to 1.0. P values

the present data and clinical observations that cyclophos-
phamide and doxorubicin are highly effective in bortezo-
mib-based triplet regimens [15, 8, 35]. Sequential
additions may yield different results and provide further
information for clinical translation. A few studies have
been published addressing this issue under adhesion-free
conditions. Mitsiades et al. [45] reported that the syner-
gistic effect of bortezomib and doxorubicin was signifi-
cantly enhanced when myeloma cells were treated with
doxorubicin first, followed by bortezomib. They speculated
that bortezomib inhibits the repair of doxorubicin-induced
DNA damage by down-regulating the expression of repair
factors such as DNA-dependent protein kinase, Ku80 and
topoisomerase IIB. As bortezomib also represses the
expression of 8-Oxoguanine DNA glycosylase and uracil-
DNA glycosylase, which play a critical role in the repair of
alkylated DNA [46], this scenario may be applicable to the
combination of bortezomib and alkylating agents. Indeed,
the schedule-dependent effect of bortezomib and melpha-
lan has been reported by Popat et al. [47], showing that
synergistic cytotoxicity was observed only in melphalan
pre-exposure but not other schedules (bortezomib pre-
exposure and simultaneous addition) in co-culture
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were calculated by one-way ANOVA with the Student-Newman-—
Keuls multiple comparisons test. *P < 0.05 against other bortezomib
combinations. ¢ RPMI8226 cells were cultured in the absence (=) or
presence (+) of 5 nM bortezomib in combination with IC»q and ICsq
doses of lenalidomide (Lena). After 48 h, whole cell lysates were
prepared and subjected to immunoblotting for the expression of
CHOP and GAPDH (internal control). d The signal intensities of each
band in (c¢) were quantified, normalized to those of the corresponding
GAPDH, and shown as relative values of CHOP expression setting
the untreated control to 1.0

experiments. In a phase I/Il trial combining high-dose
melphalan and autologous transplant with bortezomib for
MM, Lonial et al. [48] demonstrated that the levels of
apoptosis in bone marrow myeloma cells were significantly
higher in patients who received bortezomib 24 h after high-
dose melphalan conditioning than in those who received
bortezomib 24 h before melphalan. A similar phenomenon
was observed in the combination of bortezomib and anti-
metabolites in other malignancies: the combined effects
were robustly enhanced when bortezomib was added after
gemcitabine in pancreas cancer cells [49] or cytosine ara-
binoside in mantle cell lymphoma cells [50]. These find-
ings may provide important information for designing
effective clinical protocols for myeloma and other intrac-
table malignancies.

Finally, the favorable combined effect of bortezomib
and lenalidomide in the presence of stromal cells is an
important finding and deserves further investigation. Le-
nalidomide may act on stromal cells to disrupt stroma-
derived anti-apoptotic signals to MM cells via interference
with the function and expression of surface molecules on
stromal cells [51, 52]. Bortezomib also has the ability to
overcome CAM-DR by down-regulating the expression of
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VLA-4 [8, 9]. As such, physical and functional disruption
of stroma—myeloma cell interactions may underlie the
synergistic effect of the two drugs. In addition, thalidomide
and its derivatives, including lenalidomide, were reported
to bind to cereblon, a component of E3 ubiquitin ligase
complex, and perturb ubiquitination and the subsequent
degradation of multiple cellular proteins [53, 54]. There-
fore, the cytotoxic action of bortezomib and lenalidomide
converges at the unfolded protein response, leading to
excessive protein overload and the resultant ER stress-
induced apoptosis [31, 32]. It is reasonable to speculate that
this lethal communication underlies the synergism of
bortezomib and lenalidomide, as evidenced by a marked
increase in CHOP expression in RPMIB226 cells treated
with bortezomib and lenalidomide in this study.

In conclusion, although there are a number of difficulties
in the translation of the results of in vitro studies to the
bedside, our findings may be of help for the selection of
bortezomib-based regimens for patients with multiple
myeloma as well as plasma cell leukemia.
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Multiple myeloma (MM) is a malignant hematopoi-
etic disease that remains incurable. Therapeutic strategies
for this disease have been rapidly progressing based on
the development of new drugs, including proteasome in-
hibitors, immunomodulatory agents, antibodies and
small molecular compounds such as histone deacetylase
inhibitors (HDIs); however, drug resistance remains a
major challenge [1]. It is well known that cell adhesion-
mediated drug resistance (CAM-DR) occurs when MM
cells interact with stromal cells [2]. Specifically, MM cells
express surface adhesion receptor molecules which bind
with corresponding ligands on stromal cells. Such inter-
action results in protection of MM cells from the cyto-
toxic effects of anti-myeloma drugs. We previously found
that MM cells express various adhesion molecules, in-
cluding CD29 (B1-integrin), CD49d (a4-integrin, a sub-
unit of VLA-4), CD54 (intercellular adhesion mole-
cule-1), CD138 (syndecan-1), CD184 (CXC chemokine
receptor-4), and CD44. Furthermore, among them
CD49d was crucial for CAM-DR to conventional anti-
myeloma drugs such as bortezomib and dexamethasone
[3]. Thus, it is of great importance to suppress CD49d
expression to overcome CAM-DR.

HDI- and DNA-methylating agents show anti-tumor
activity by epigenetically re-expressing various genes [4,

5]. These effects might ultimately affect the expression
and function of various intracellular molecules, includ-
ing transcription factors. We therefore hypothesized that
these agents influence the expression levels of adhesion
molecules in MM cells. To verify this hypothesis, we ex-
amined the effect of the HDI romidepsin and DNA-
methylating agent azacitidine on the expression levels of
CD49d and two other representative adhesion mole-
cules, CD29 and CD138, by flow cytometry analyses in
two human MM cell lines, RPMI8226 and U266. Surpris-
ingly and importantly, romidepsin repressed the expres-
sion levels of CD49d with statistical significance in both
cell lines (fig. 1a, b). Levels of CD49d mRNA also mark-
edly decreased after addition of romidepsin, suggesting
that romidepsin suppresses CD49d expression at the
mRNA level (fig. 1¢). In contrast, romidepsin had no sig-
nificant effect on the expression levels of CD29 and
CD138 (fig. 1a, b). In RPMI8226 cells, azacitidine also
repressed CD49d as well as CD138 (fig. 1a). However, in
U266 cells it had no influence on all three adhesion mol-
ecules tested, including CD49d (fig. 1b). Since azaciti-
dine failed to disrupt DNA methyltransferases, which are
its main targets, in U266 cells [unpubl. data], it is possible
that azacitidine had no effect on the pathophysiology of
these cells.
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Fig. 1. Romidepsin represses CD49d expression in MM cell lines. o
RPM1I8226 cells (a) or U266 cells (b) were cultured with 10 nM ro- cg:
midepsin or 4 pM azacitidine for 48 h. The percentages of CD49d-, © 0407
CD29- and CD138-positive cells were determined by flow cytom- o ==
etry using phycoerythrin-conjugated antibodies against each ad- £ 020
hesion molecule. Statistical analyses were carried out using Stu- -
dent’s t test. ¢ Expression levels of CD49d mRNA were evaluated 0
by quantitative real-time PCR. Statistical analysis was carried out ¢ RPMIB226 U266
using Student’s t test.

To clarify whether romidepsin-mediated suppression
of CD49d expression results in abrogation of CAM-DR to
other drugs, we assessed CAM-DR to bortezomib, mel-
phalan and dexamethasone, which are key drugs for MM
therapy, using the co-culture system as described previ-
ously [3]. In the absence of the stromal cell line UBE6T-7,
bortezomib, melphalan and dexamethasone significantly
increased the percentage of annexin-V-positive cells, sug-
gesting that these agents effectively induce apoptosis.
However, when MM cells were co-cultured with UBE6T-7
cells, induction of apoptosis was suppressed (fig. 2a). We

2 Acta Haematol 2014;132:1-4
DOI: 10.1159/000357213

then assessed the reversal of CAM-DR, which was defined
as the ratio of annexin-V-positive MM cells in the pres-
ence of UBE6T-7 cells to those in the absence of UBE6T-7
cells [3]. As expected, pretreatment of MM cells with ro-
midepsin significantly increased the reversal of CAM-DR
to bortezomib, melphalan and dexamethasone in both cell
lines (fig. 2b), suggesting that romidepsin effectively over-
comes CAM-DR. Consistent with the findings that azacit-
idine repressed CD49d expression in RPMI8226 cells,
azacitidine induced the reversal of CAM-DR to these
drugs with statistical significance (fig. 2b). In contrast,
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Fig. 2. Romidepsin abrogates CAM-DR to
conventional anti-MM drugs. a Cells were
cultured with 2 nM bortezomib, 10 pM mel-
phalan or 1 uM dexamethasone in the pres-
ence or absence of UBE6T-7 cells for 48 h.
MM cells were then harvested and stained
with annexin-V-FITC. b Cells were pre-
treated with 10 nM romidepsin or 4 pm
azacitidine for 24 h and subsequently cul-
tured with 2 nM bortezomib, 10 uM mel-
phalan or 1 uM dexamethasone in the pres-
ence or absence of UBE6T-7 cells for a fur-
ther 48 h. Reversal of CAM-DR was
determined as the ratio (%) of annexin-V-
positive MM cells in the presence of
UBE6T-7 cells to those in the absence of
UBES6T-7 cells. Statistical analysis was car-
ried out using Student’s t test.
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azacitidine had no effect on CAM-DR in U266 cells, the
CD49d levels of which were not suppressed by azacitidine.

Histone deacetylases (HDACs) are a class of enzymes
that lyse acetyl groups within histones, thus affecting
DNA gene expression. They also affect the acetylation
status of non-histone proteins such as heat shock protein

Romidepsin Overcomes CAM-DR in MM
Cells

90 and a-tubulin, which are involved in the pathophysiol-
ogy of MM cells. Romidepsin mainly inhibits HDACI,
HDAC2 and HDACG6 [6]. Since HDAC1 and HDAC2 be-
long to class 1 HDACs, which target histone proteins, it
is possible that romidepsin-mediated restoration of gene
expressions affects the expression or function of tran-

Acta Haematol 2014;132:1-4 3
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scription factors that regulate CD49d gene expression.
Since there are potential binding sites for ETS and WT1
transcription factors on the CD49d promoter region [7,
8], it is of great interest to clarify whether romidepsin af-
fects activities of these factors. It is also important to con-
firm that the CD49d expression of MM cells reduces in
patients treated with romidepsin.

Interestingly, azacitidine failed to suppress CD49d ex-
pression, showing no effect on CAM-DR in U266 cells;
whereas, just like romidepsin, it abrogated CAM-DR in
RPMI8226 cells. U266 are azacitidine-resistant cells, in
which its demethylating activity is negated [unpubl. data];
therefore, these results also suggest that restoration of
gene expressions due to an improvement of epigenetic
status is mainly involved in the repression of CD49d in
MM cells.

Previous preclinical studies have shown that the com-
binations of HDIs and bortezomib or other anti-myelo-
ma drugs enhance anti-tumor effects in MM cells [9].
Furthermore, clinical trials have also shown a certain
clinical efficacy of combinations of HDIs and other drugs

References

(10, 11]. Combination therapies are promising strategies
for the treatment of MM. Interestingly, overexpression of
HDACI is involved in resistance to bortezomib, and ro-
midepsin overcomes this resistance [12]. The fact that ro-
midepsin overcomes CAM-DR to bortezomib, melpha-
lan and dexamethasone provides additional rationale for
an advantage of the combination therapy.

In conclusion, our findings suggest that potentiations
of romidepsin and other anti-myeloma drugs, such as
bortezomib, melphalan and dexamethasone, are poten-
tial therapies for MM in view of overcoming CAM-DR,
which is critical for improving the efficacy of anti-myelo-
ma therapy, and might be essential for establishing novel
therapeutic strategies to enhance patient outcome or pos-
sibly cure the disease.
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Abstract: Xenograft models of human hematopoiesis are essential to the study of the engraftment
and proliferative potential of human hematopoietic stem cells (HSCs) in vivo. Immunodeficient mice
and fetal sheep are often used as xenogeneic recipients because they are immunologically naive. In
this study, we transplanted human HSCs into fetal sheep and assessed the long-term engraftment
of transplanted human HSCs after birth. Fourteen sheep were used in this study. In 4 fetal sheep,
HSCs were transduced with homeo-box B4 (HOXB4) gene before transplantation, which promoted
the expansion of HSCs. Another 4 fetal sheep were subjected to non-myeloablative conditioning with
busulfan. Seven of these 8 sheep showed successful engraftment of human HSCs (1-3% of colony-
forming units) as assessed after the birth of fetal sheep (5 months post-transplantation), although
HOXB4-transduced HSCs showed sustained engraftment for up to 40 months. Intact HSCs were
transplanted into six non-conditioned fetal sheep, and human colony-forming units were not detected
in the sheep after birth. These results suggest that, as compared with mouse models, where the short
lifespan of mice limits long-term follow-up of HSC engraftment, the fetal sheep model provides a
unique perspective for evaluating long-term engraftment and proliferation of human HSCs.

Key words: engraftment, hematopoietic stem cells, large animal models, long-term follow-up, sheep

Introduction

Animal transplantation models are indispensable for
functional assessment of hematopoietic stem cells
(HSCs), because reliable in vitro surrogate assays for the
cells capable of long-term hematopoietic repopulation
in vivo are currently unavailable 8, 11]. As experimen-
tal transplantation of HSCs into humans is ethically
unattainable, xenograft models are commonly used for
studying engraftment and proliferative potential of hu-
man HSCs in vivo. Several xenogeneic transplantation
models have been studied, of which immunodeficient
mice [5-7, 9, 15] and fetal sheep [31] are advantageous

because of their immunologically naive state. Human
HSCs can readily engraft and generate progeny in these
animals. Although immunodeficient mice have gained
the broadest application in laboratory research due to the
ease of access and handling of animals, humans and mice
show distinct differences, especially in lifespan and body
size, which are relevant to HSC transplantation. The
reconstitution of human hematopoiesis in mice allows
for observation for 1-2 y after serial transplantation [10,
16, 29]; however, execution of the procedure requires a
large number of mice (Fig. 1).

The aim of this study was to examine whether the
transplantation of human HSCs into fetal sheep could
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Fig. 1. Long-term assessment of human HSCs in vivo. In immu-
nodeficient mice, although serial transplantation is an ap-
proach to evaluate the long-term assessment of human
hematopoietic stem cells (HSCs), a large number of mice
are required for the following transplantation. In contrast
in sheep, the long-term assessment can be achieved in
single animals. It is possible to conduct repeated bleeding
and evaluation of samples at desired intervals over long
periods without serial transplantation in sheep.

allow long-term engraftment of the cells in the sheep
after birth. Long-term assessment of human HSCs in
sheep can be performed because the large size and long
lifespan of sheep allow repeated sampling of bone mar-
row (BM) in individual animals at desired intervals for
long periods of time [1, 24, 31]. Here we report sustained
engraftment of human HSCs in sheep for up to 40 months
post-transplantation as assessed by clonogenic assays of
the BM.

Materials and Methods

Animals

Pregnant Suffolk ewes (Japan Lamb, Hiroshima, Ja-
pan) were bred at Jichi Medical University and at Utsu-
nomiya University Farm. All experiments in this study
were performed in accordance with the Jichi Medical
University Guide for Laboratory Animals and the Utsu-
nomiya University Guide for Experimental Animals.

Graft preparation

Human cord blood (CB) was supplied by the RIKEN
BioResource Center Cell Bank (Ibaraki, Japan). Human
CB CD34* cells, used as hematopoietic stem cells
(HSCs), were isolated by immunomagnetic separation
using an anti-human CD34 microbeads kit (Miltenyi

Biotech, Auburn, CA, USA) according to the manufac-
turer’s instructions. In a protocol (4 out of the 14 CB
samples), namely HOXB4 protocol, human CB CD34*
cells were transduced before transplantation with a poly-
merase gene-defective Sendai virus vector (DNAVEC
Corp., Ibaraki, Japan) that transiently expressed the hu-
man HOXB4 gene (GenBank accession No. NM 024015).
The HOXB4 gene provided a selective growth advantage
to transduced HSCs in vivo [4, 25, 26, 32]. The transduc-
tion was conducted by culturing the cells for 4 days in
the presence of 100 ng/ml recombinant human (rh) stem
cell factor (SCF), rh FIt3 ligand (both from R&D Sys-
tems, Minneapolis, M1, USA) and rh thrombopoietin
(Kyowa Hakko-Kirin Co., Ltd., Tokyo, Japan) [1].

In utero transplantation (1UT)

The cells were transplanted into the liver of fetal sheep
at 45 to 49 days of gestation (full term, 147 days). The
procedures of IUT were described previously [17]. In
another protocol (the BU protocol), some fetuses (4 out
of the 14 sheep) received busulfan (BU, Wako Pure
Chemical Industries Ltd., Osaka, Japan) via the dams
intravenously at 3 mg/kg (calculated based on maternal
body weight) 6 days before transplantation [2]. BU is
often administered to patients as a conditioning agent
before HSC transplantation {3, 21].

Colony-forming unit (CFU) assay

CB CD34* cells used for transplantation or sheep bone
marrow (BM) cells post-transplantation were subjected
to CFU assay. Briefly, cells were plated in a 35-mm pe-
tri dish with 1 ml of MethoCult GF* H4435 (StemCell
Technologies, Vancouver, BC, Canada) containing SCF,
granulocyte colony-stimulating factor (G-CSF), granu-
locyte-macrophage CSF, interleukin (IL)-3, IL-6 and
erythropoietin, which were recombinant human products
and purchased from StemCell Technologies. The culture
conditions equivalently support the growth of ovine as
well as human CFUs, and thus no difference in the ef-
ficiency of colony formation between ovine and human
hematopoietic cells was observed in this assay [24].
After incubation at 37°C with 5% CO, for 14 days,
colonies containing more than 50 cells were counted
under an inverted light microscope [1, 2]. Statistical
significance of the difference in colony numbers was
determined by the ANOVA-test.
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Table 1. Long-term engraftment in sheep after in-utero transplantation of human hematopoietic stem cells
In utero transplantation Engraftment (% of human CFUs)®
) dgesz.t;gil Number of  Number of 15217 20-25 58
Protocols Animal no. o transplanted  transplanted 5 months 40 months months
plant . months months
cellsper CD34% cellsper post [UT postIUT  post
(Full term: fetus (x10%)  fetus (x10%) post IUT  post IUT UT
147 days)
Y705-1 49 5.2 3.8 0.0 0.0 0.0 -
5 Y705-2 49 4.5 45 1.1 22 22 22 0.0
HOXB4 Y271-1 49 3.2 29 33 11 0.0 -
Y271-2 49 8.9 7.6 2.2 0.0 0.0 -
Y940-1 48 20.0 17.5 1.1 -
o Y940-2 48 20.1 13.8 1.1 - 0.0 -
BU Y1061-1 48 7.2 2.8 22 0.0 -
Y1061-2 48 10.7 5.8 33 0.0 -
Y1018-1 49 23.6 17.8 0.0 -
Y1018-2 49 15.5 12.0 0.0 -
Y973 45 8.6 5.6 0.0 -
x d)
Non-treatment™  yg3 47 73 54 0.0 -
WI10 48 17.7 13.7 0.0 -
Y955 48 13.3 10.1 0.0 -

@ Percentage of human CFUs was calculated by dividing the number of CFUs positive for the human-specific f2-microglobulin gene
sequence by the total number of CFUs being analyzed in the bone marrow. ® In the HOXB4 protocol, human CD34" cells transduced
with HoxB4 were transplanted into non-con ditioned fetal sheep [1]. © In the BU protocol, BU was administered 6 days before [UT of
non-transduced human CD34* cells [2]. 9 In the non-treatment protocol, non-transduced human CD34* cells were transplanted into non-
conditioned fetal s heep [1, 2]. © Sheep Y940-1 unexpectedly died from an accident during the procedures of bone marrow aspiration. CFU,

colony-forming unit; BU, busulfan; IUT, in utero transplantation.

Assessment of human engraftment

To evaluate the engraftment of human cells, BM was
aspirated from the iliac bone of lambs using a 13-gauge
biopsy needle (Jamshidi, CareFusion, San Diego, USA),
under local anesthesia with 2% lidocain (Xylocaine,
AstraZeneca, Tokyo, Japan). BM cells were harvested
by removing red blood cells with ACK lysis buffer (155
mM NH,CI, 100 mM KHCO;, and 1 mM EDTA) (Wako
Pure Chemical Industries, Ltd.). /r vitro colony forma-
tion assay of sheep BM cells after transplantation was
conducted as described above (in the section of CFU
assay). Each colony was derived from a single human
or sheep hematopoietic progenitor cell. DNA of each
colony was subjected to polymerase chain reaction
(PCR) to identify human colonies [24]. First, each col-
ony was plucked into 50 ul of distilled water and di-
gested with 20 ug/ml proteinase K (Takara, Shiga, Japan)
at 55°C for 2 h, followed by 99°C for 10 min, to extract
DNA. Each DNA sample (5 ul) was used for a nested
PCR to identify the human B2-microglobulin—specific
sequences [1, 2]. The outer primer set was 5'-CAGGTT-
TACTCACGTCATCCAG-3" and 5'-GGTTCACACG-
GCAGGCATACTC-3', and the inner primer set was
5'-GTCTGGGTTTCATCCATCCG-3" and 5'- GGT-
GAATTCAGTGTAGTACAAG-3'. The amplification

conditions for the outer PCR were 95°C for 30 s, 58°C
for 30 s, and 72°C for 30 s for 25 cycles. The outer PCR
products were purified using a QIA quick PCR purifica-
tion kit (Qiagen, Chatsworth, CA, USA). The amplifica-
tion conditions for the inner PCR were 95°C for 30 s,
58°C for 30 s, and 72°C for 30 s for 30 cycles. Simulta-
neous PCR for the B-actin sequence was also performed
to verify the DNA amplification of each sample. The
primer sequences of either humans or sheep were 5'-GT-
CACCCACACTGTGCCCATCTACG-3' and 5'-GC-
CATCTCCTGCTCGAAGTC-3'". The amplification
conditions were 94°C for 30 s, 55°C for 30 s, and 72°C
for 30 s for 40 cycles. The amplified human [(2-
microglobulin (133 bp) and S-actin (209 bp) products
were resolved by 2% agarose gel and visualized by ethid-
ium bromide staining. The engraftment efficiency of
human hematopoietic cells was expressed as the ratio of
the number of human-derived colonies to the total num-
ber of colonies.

Results

Frozen human cord blood (CB) was obtained from
RIKEN Cell Bank. The cells were thawed, and a range
of 2.8 x 10° —17.8 x 10° of CD34" cells were isolated



