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Radiation of cell suspension

To investigate the validity of bioluminescent monitoring of the
effect of ionizing radiation, we irradiated the suspension of Ba/
F3-Luc/Wt cells in vitro and evaluated the time course of biolumi-
nescent signals in relation to viable cell numbers. In vitro mea-
surements were performed on days 0, 2, 3, 5, 7, 9, and 11.
Immediately after day-2 measurements, the cell suspension was
iradiated with 5Gy using a '*'Cs source (Gammacell 1000
Elite; MDS Nordion, Kanata, Ontario, Canada) al a dose rate of
6.4 Gy/min. The culture medium was changed after each set of
measurements, and the cell suspension was diluted so that the
culture density remained below 3.5 x 10° celmL. The viable
cell number and luminescence in a given volume of cell suspen-
sion were corrected for dilution ratios and expressed as a percent-
age of day-0 values.

In vivo BLI

In vivo BLI was performed using a cooled charge coupled device
camera system (IVIS Imaging System 100; Xenogen, Alameda,
CA, USA). Mice received an intraperitoneal injection of
150 mg/kg D-luciferin and were placed in the light-tight chamber
of the camera system under isoflurane anesthesia. Beginning
5 minutes after injection, photographic and luminescent images
in the dorsal, left-lateral, ventral, and right-lateral projections
were acquired. The data acquisition series of four projections
was repeated twice; consequently, a single imaging session pro-
vided eight luminescent images. Luminescent images were taken
with an exposure time of 1 to 60 seconds, binning of 4 or 8,
and a field-of-view of 25cm. Up to five mice were imaged
simultaneously.

Monitoring after sublethal TBI

Mice inoculated with Ba/F3-Luc/Wt cells underwent sublethal
TBI, and the therapeutic effects were monitored using in vivo
BLI longitudinally, In vivo BLI was performed 5 days after cell
inoculation, and mice were divided into four groups (n=35
each), one control group and three TBI groups, which had compa-
rable whole-body signals 5 days postinoculation. Seven days after
inoculation, the mice underwent in vivo BLI and were then irradi-
ated with various single radiation doses. TBI was performed using
a 150-kV x-ray source (MBR-1520R-3; Hitachi, Tokyo, Japan)
operating at 20mA and filtered with | mm Al at a rate of
1.81 Gy/min. The three TBI groups were given doses of 3, 4, or
5 Gy, and the control group was sham irradiated. In vivo BLI
was performed 8, 10, and 14 days after cell inoculation (1, 3,
and 7 days after TBI) and then twice a week until spontancous
death.

Monitoring after lethal TBI

Mice inoculated with Ba/F3-Luc/Wt cells underwent lethal TBI
with or without BMT, and were examined by in vivo BLI longitu-
dinally. In vivo BLI was performed before and 5 days after cell in-
oculation, and mice were divided into two groups (n = 5 each), the
TBI alone group and the TBI + BMT group, which had compara-
ble whole-body signals 5 days postinoculation. Seven days after
inoculation, the mice underwent in vivo BLI and thereafter TBI
of 7 Gy. This dose was shown to be above the LDI00/30 in pre-
liminary experiments. The BMT was performed for the
TBI + BMT group 24 hours after TBL. Bone marrow cells har-
vested from the femurs and tibias of syngeneic mice (2 x 107 cells

in 0.2 mL PBS) were injected via the tail vein, In vivo BLI was
performed 10 and 14 days after the inoculation of Ba/F3-Luc/
Wt cells (3 and 7 days after TBI) and then twice a week up to
63 days after inoculation. After the day-63 study, only one mouse
showing slowly increasing BLI signals remained alive, and BLI
was performed once a week until the spontancous death of the
mouse.

Data analysis

To assess whole-body tumor burden from in vivo BLI, a region of
interest (ROI) encompassing the entire mouse except the tail and
distal ends of the limbs was placed on each in vivo BLI image, and
the total signal in the ROI (photons/s) was quantified using the
Living Image software (version 2.50; Xenogen). The total signals
of all eight images obtained in a single imaging session were av-
eraged to determine the whole-body signal, which was used as
a marker of whole-body tumor burden. The 14/7-day signal ratio
was determined as the ratio of the whole-body signal 14 days after
cell inoculation (7 days after TBI) to that 7 days after inoculation
(just before TBI). To assess whole-body tumor burden at sponta-
neous death, the day of spontancous death was recorded based
on a daily check of survival, and presumptive whole-body signal
at death was calculated by extrapolating from the final two data
points monoexponentially.

In the study of sublethal TBI, comparisons between groups
were made by one-way analysis of variance followed by post-
hoc analysis using Fisher's least significant difference tests. Sur-
vival was compared with the whole-body signal by linear regression
analysis, Statistical testing was conducted after logarithmic trans-
formation of bioluminescence signals and signal ratios. A p value
< 0,05 was considered statistically significant.

Results

Radiation of cell suspension

‘We irradiated Ba/F3-Luc/Wt cells in vitro and evaluated the
relationship between cell proliferation and temporal
changes in luminescence, Viable cell counting showed de-
pression of cell proliferation 1 day after irradiation and re-
growth 7 days after irradiation (Fig. 1A). Viability (Fig. 1C)
and proliferation index (Fig. 1D) declined 3 days and 1 day
after irradiation, respectively. Both standard and intact-cell
luciferase assays demonstrated radiation-induced inhibition
of the increase in luminescent signals from a given amount
of cell suspension, consistent with depression of cell prolif-
eration (Fig. 1A). However, luminescent signals definitely
increased | day after irradiation despite minimal augmenta-
tion in viable cell number, and correspondingly, lumines-
cence per cell increased (Fig. 1B). The discrepancy
between luminescence and viable cell number diminished
gradually, and luciferase assays faithfully demonstrated
regrowth.

Monitoring after sublethal TBI

Mice received sublethal TBI (3, 4, or 5 Gy) 7 days after in-
travenous inoculation of Ba/F3-Luc/Wt cells, and in vivo
BLI was repeated until spontaneous death. Twenty mice,
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Figure 1. Irradiation of cultured Ba/F3-Luoc/Wt cells. The viable cell number, and luminescent signals from the standard luciferase assay and the intact-cell
luciferase assay, upmedupe:mmufhudmvﬂuumuﬂbdmumdunnn.lndﬂummmwnmhbuwdaﬂumuﬁmunpdmedondayz
(A). The inhibition was d 1 for | and lumi percell i 1 iently after irradiation (B). Viability (C) and proliferation index
(D) d i early after i mcinti Arrows indi the day of irradiation, and error bars represent standard deviations (n = 3).

including nonirradiated control mice, were studied 8 to 12 smaller in mice receiving greater doses. Dose dependence
times, and 189 BLI studies in total were performed, regard- was more evident for the 14/7-d signal ratio than for sur-
ing a series of image acquisitions as consisting of five BLI vival, and the post hoc analysis of the 14/7-d signal ratio
studies when five mice were imaged simultaneously. Unex- vs dose showed significant differences for all pairs.
pectedly, essentially no signals were detected in five stud-

ies, suggesting bowel injection of D-luciferin [9,28]. In Monitoring after lethal TBI

such cases, D-luciferin was injected again, resulting in rea- Mice underwent lethal TBI (7 Gy) with or without BMT
sonable luminescence, and the signals obtained after the and were followed by repeated in vivo BLL In total, 118

second injection were used for analysis. BLI studies were performed and additional D-luciferin
In vivo BLI demonstrated focal luminescent signals in- injection was required in four studies because of apparent

dicative of tumor cell proliferation before TBI (Fig. 2). injection failure.

Control mice showed consistent increases in whole-body Lethal TBI caused profound reduction in whole-body

signals over time and died 27 to 29 days after cell inocula- signals (Fig. 6), although residual disease was demonstrated
tion (Fig. 3). Bone marrow signals appeared to be dominant even at maximal reduction by both visual evaluation and
early after inoculation, and signals in the spleen and liver quantitative analysis of the BLI images. Mice in the TBI
became conspicuous later. TBI caused transient inhibition alone group died 20 to 22 days after cell inoculation while
of increase in whole-body signals and prolonged survival whole-body signals remained weak, consistent with treat-
in a dose-dependent manner. Signals increased 1 day after ment-related death. In the TBI+ BMT group, in vivo BLI
TBI, similar to the control group, and decreased thereafter. showed minimal signals 17 days after inoculation (10
Regrowth tended to be delayed after greater radiation doses. days after TBI), followed by regrowth. The 14/7-d signal
Spontaneous death occurred at similar signal levels, regard- ratio ranged from 0.12 to 0.30, and the maximum value
less of radiation dose. The presumpﬁvg whole-body mem] was smaller than the minimum value in the sublethal TBI
at death had a relatively narrow range, from 6.70 x 10° to ~ groups. Survival was largely prolonged in this group.
2.16 % 10'? photons/s, for all 20 mice and did not differ sig- Four mice died 48 to 63 days after cell inoculation, and pre-
nificantly among groups. sumptive whole-body signals at death were similar to those
A significant negative correlation was found between in the experiments of sublethal TBI (7.17 x10° -
survival and whole-body signals 14 days after inoculation, 2.15 x 10" photons/s). The other mouse showed a slow in-
7 days after TBI (Fig. 4; r= —0.8000, p < 0.0001). crease in whole-body signals and survived much longer (97
Survival differed significantly among groups (Fig. 5A; days). Despite the marked difference in survival time, the
p < 0.01) and tended to be longer in mice receiving greater mouse did not differ substantially in presumptive whole-
doses although it was marginally shorter in the 4-Gy group body signals at death from those of other mice
than in the 3-Gy group. In the post-hoc analysis, significant (6.51 x 10” photons/s).
differences were demonstrated between controls and the 3-
Gy group, between controls and the 5-Gy group, and be-
tween the 4-Gy and 5-Gy groups, but not between controls Discussion
and the 4-Gy group, between the 3-Gy and 4-Gy groups, or We investigated the application of in vivo BLI in assessing
between the 3-Gy and 5-Gy groups. The 14/7-d signal ratio, the effect of TBI in an animal model of a hematological
indicating signal increase during 7 days after TBI, differed malignancy. First, we evaluated the time course of viable
significantly among groups (Fig. 5B: p < 0.0001) and was cell numbers and bioluminescence signals after irradiation
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Figure 2. Dorsal images of in vivo bioluminescence imaging acquired before and 7 days after sublethal total body irradiation (TBI) (7 and 14 days after cell
inoculation), The pseudocolor luminescent image (blue green yellow, and red from least to most intense) is overlaid on the grayscale photographic image.

The same color scale was used for all panels, Dose inhibition of di

of cell suspension to evaluate the validity of bioluminescent
signals in tumor monitoring after radiotherapy. Irradiation
inhibited cell proliferation transiently, as expected. Lucifer-
ase assays demonstrated the inhibitory effect and regrowth
similar to viable cell counting, supporting the use of biolu-
minescence signals as an index of viable tumor burden after
irradiation. However, luminescence per cell increased im-
mediately after irradiation, which could cause an overesti-
mation of viable tumor burden in BLI tumor monitoring.
It has been reported that ionizing radiation transcriptionally
activates the LTRs of Moloney murine sarcoma virus [29],
Rous sarcoma virus [30], and human immunodeficiency vi-
rus type 1 [31], although it does not influence the activity of

progr is shown,
the cytomegalovirus immediate-early promoter or the sim-
ian virus 40 promoter [30]. In the cells studied in this study,
luciferase was expressed under the control of the MMLV
LTR, and our observations indicated transcriptional activa-
tion of the MMLV LTR by irradiation. Whereas we previ-
ously demonstrated that the addition of imatinib to the
suspension of Ba/F3-Luc/Wt cells decreases both prolifera-
tion index and luminescence per cell [25], increase in lumi-
nescence per cell was associated with decrease in
proliferation index in the present study. The change in the
activity of MMLV LTR cannot be explained by dependence
on cell cycle. lonizing radiation activates various signal
transduction pathways [32,33] and many transcription
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Figure 3. Time courses of whole-body bioluminescence signals in each mouse of the control group (A) and three sublethal total body irradiation (TBI)
groups (B, 3 Gy: C, 4 Gy: D, 5 Gy). TBI was performed 7 days after cell inoculation (arrows). The solid lines were drawn between the measured points,
and the broken lines were drawn by extrapolation to the day of spontaneous death.

factors can bind to the enhancer region of MMLV LTR
[34,35]. Although the molecular mechanism of the activa-
tion of MMLV LTR remains to be elucidated, the results
of our cell culture study indicate that luminescence signals
from luciferase-expressing cells would approximate viable
tumor burden but the relationship may be distorted to
some extent early after irradiation,

In mice of a hematological malignancy model, sublethal
TBI caused transient inhibition of increase in whole-body
signals and prolonged survival in a dose-dependent manner.
Although whole-body signals increased on the day after
TBI, the increase may not imply increase in tumor burden.
Bioluminescence signals immediately after irradiation may
have overestimated viable cell numbers due to the activa-
tion of the MMLV LTR in vivo as well as in vitro.
Whole-body signals 7 days after TBI correlated with sur-
vival, indicating the potential of in vivo BLI signals as an
early surrogate marker for assessing therapeutic response.
In vivo BLI appears to allow early prediction of therapeutic
efficacy and may contribute to improving the efficiency of
experiments. Moreover, although significant dose depen-
dence was demonstrated for both survival and signal in-
crease during 7 days after TBI, the dependence was more
evident for signal increase. Generally, a clearer dose-
response relationship can be expected for radiotherapy
than for drug therapy due to consistency of delivery and
lack of metabolic interference. The rate of tumor regrowth
after early response, pretreatment tumor burden, and tumor
burden causing death have interindividual variation inde-
pendent of treatment protocol, which may to some extent
obscure the relationship between radiation dose and sur-
vival. The clearer dose-response relationship for signal in-
crease suggests that in vivo BLI enables the evaluation of
antitumor effects more precisely than survival assessment
and that statistically significant results can be obtained
more readily in comparing the effects of different treat-
ments. In addition, presumptive whole-body signals at
death showed small interindividual differences when com-
pared to the wide signal range observed during the entire
course and were independent of radiation dose, supporting

the concept that BLI signals reflect disease severity even
after treatment.

In mice receiving lethal TBI followed by syngeneic BMT,
prolongation of survival and reduction in BLI signals were
prominent, suggesting that higher doses can offer better out-
comes. Residual signals were demonstrated even at maximal
responses, and regrowth was monitored longitudinally, Pre-
sumptive whole-body signals at death were similar to those
in nonirradiated or sublethally irradiated mice, suggesting
that tumor burden causing spontaneous death was not influ-
enced largely by the treatment. Mice that underwent lethal
TBI not followed by BMT died while showing weak BLI sig-
nals, indicating that death was not due to progression of ma-
lignancy but due to the adverse effects of the treatment.
Although the dose was known to be lethal and treatment-
related death was predictable in the present study, nontumor-
related death may occur unexpectedly from treatment-related
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Figure 4, Relationship of survival with whole-body signals 14 days after
inoculation (7 days after sublethal total body irradiation). A significant
negative lation was d d (r = —0.8000, p < 0.0001).




1640 Y. Inoue er al.| Experimental Hematology 2008,36:1634-1641

&
o
o

ol
o
-
o @
—t
® o9o
—t—
-]

Survival (days)
B
(-X.]
14/7-d signal ratio

]
oo
e

o
o
-
oo
et

of
25 1
0Gy 3Gy 4Gy GGy 0Gy 3Gy 4Gy 6Gy

Figure 5. Survival (left) and 14/7-day signal ratio (right) in mice receiving
various doses of sublethal total body irradiation (TBI). Plots indicate data
for individual mice. Mean and standard deviations are also presented. Dose
dependence is more evident for the 14/7-day signal ratio, an index of signal
increase during 7 days after TBI, than for survival.

damage or incidentally and should be discriminated from
death by tumor progression. In vivo BLI allows the evalua-
tion of tumor burden independently of survival and appears
to aid the discrimination between tumor-related and
nontumor-related deaths and the assessment of antitumor
effects in mice that died from nontumor-related causes.
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Figure 6. Time courses of whole-body bioluminescence signals in each
mouse of the total body irradiation (TBI) alone group (upper) and TBI
+ bone mammow transplantation group (lower). Lethal TBI (7 Gy) was per-
formed 7 days after cell inoculation (arrows). Solid lines were drawn be-
tween the measured points, and the broken lines were drawn by
extrapolation to the day of spontaneous death. Whole-body signals before
cell inoculation, which were not measured in experiments of sublethal
TBI, were plotted as day-0 values.

The relationship between in vivo BLI signals and
tumor burden may be distorted by various factors. Quanti-
tative estimates of bioluminescence depend on luciferase
expression per viable cell, delivery of D-luciferin to luciferase-
expressing cells, availability of cofactors (oxygen, adeno-
sine triphosphate, and magnesium) for the luminescent
reaction, scattering and absorption of light photons in the
tissues, and the determination of ROIs. Our results support
bioluminescent evaluation of tumor burden and therapeutic
responses in the model used, despite the possible influence
of confounding factors. However, substantial signals were
not acquired after the first intraperitoneal administration
of D-luciferin in nine of 307 BLI studies (2.9%), which ap-
peared to be attributable to bowel injection [9,28] and ex-
emplifies problems with D-luciferin delivery. The
possibility of alterations in luciferase activity per viable
cell induced by therapeutic intervention was also high-
lighted, as indicated previously using the MMLV LTR
[25] and the cytomegalovirus immediate-early promoter
[36,37]. Although the utility of in vivo BLI monitoring of
therapeutic efficacy would hold true not only for TBI but
also other treatment modalities, it should be noted that lu-
minescence per viable cell may vary carly after therapy de-
pending on the type of therapeutic intervention and the
promoter driving luciferase expression, resulting in a dis-
crepancy between viable tumor burden and BLI signals,
Due to the rapid progression of the disease model used in
the present study, only minor differences in survival could
be observed. Further evaluation using less aggressive
models would be desired.

Our study demonstrates that in vivo BLI allows longitu-
dinal, quantitative evaluation of the response to TBI in
a murine hematological malignancy model. Whole-body
BLI signals reflect whole-body tumor burden even after
TBI with or without BMT, and the antitumor effect can
be assessed early, reliably, and independently of survival.
Signal change early after treatment, as an alternative to sur-
vival, can be used as a marker of therapeutic response for
efficient testing of various treatment protocols, and nontu-
mor-related deaths can be determined based on weak BLI
signals. Our study also illustrates the need for considering
the influence of the treatment on promoter activity, in addi-
tion to the general utility of in vivo BLL
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RNAi-mediated silencing of p190®“*"! inactivates Stat5 and cooperates with imatinib

mesylate;'“?nd 17-allylamino-17-demetoxygeldanamycin in selective killing of
p190°%“**Lexpressing leukemia cells

M Futami', T Hatano®, Y Soda', S Kobayashi', M Miyagishi® and A Tojo'

Dmsrun of Molecular Therapy, Advanced Clinical Research Center, Institute of Medical Science, University

of Tokyo, Tokyo,
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The 190kD (p180) and 210kD (p210) Ber-Abl proteins are
responsible for the pathophysiology of Philadelphia chromo-
some (Ph)* leukemia. We applied RNA interference (RNAI) to
specific killing of p190* cells, and determined the optimal
uqummformslhﬂchghﬂuﬂmjnmﬁmalnndABL
regions of p100. nspo:ﬂvdy. Then, p1%0* and p210* cells
were infect tors encoding these shANAs,
resulting in -fﬂd-nt kHIInn of p190~ cells, while p210* cells
were nnly sensitive to shBCR and shABL. In p190-transformed
cells, silencing of p190 sptdﬂclly Inhibited tyrosine
phmpohuyhﬂnnnfsmsprhr their death, but did not affect
of Jak2, Akt or MEK1/2. In contrast, down-
rlgullﬂm of p190 by their treatment with 17-allylamino-17-
(17-AAG) was associated with ndw-rl
protein levels of Jak2, Akt and MEK1/2. shRNA 190
collaborated additively with imatinib and 17-AAG ln g‘o
inhibition of Ba/F3-p190wt and Imatinib-resistant
p190Y253H cells. Collectively, RNAl-mediated silencing of
p190 is a promising option both for delineating signal
transduction and for therapeutic application in 190" leukemia.
Leukemia (2008) 22, 1131-1138; doi:10.1038/1eu.2008.60;
published online 27 March 2008
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Introduction

Philadelphia chromosome (Ph)* leukemia, including chronic
myeloid leukemia (CML) and acute lymphoblastic leukemia
{Ph* ALL), originates from hematopoietic stem/progenitor cells
affected by the BCR-ABL fusion gene, which encodes constitu-
tively active tyrosine klnasz essential for development and
progression of the diseases.' There are two major forms of
Ber-Abl protein, p210 and p190. The former is associated with
almost all cases of CML and less than half of Ph™ALL cases,
whereas the latter mainly causes Ph ™ALL except for very rare
cases of CML.?

The development of imatinib (also referred to as STI571), and
the second generation tyrosine kinase inhibitors have greal]y
improved the clinical outcome of CML.*® However, Ph*ALL
shows a much less durable response to these kinase inhibitors,
and easily acquires resistance, caused primarily by point
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mutations in the Abl kinase domain such as T3151%7 To
overcome the resistance, the downregulation of Ber-Abl proteins
is a pramising strategy for eliminating Ph ™ ALL cells, irrespective
of point mutations. From this viewpoint, we have previously
reported that lentiviral delivery of anll—p190 maxizyme speci-
fically induces apoptosis in Ph* ALL cells.®

Recently, RNA interference (RNAI) has been recognized as a
more powerful tool in the selective gene silencing. RNAI allows
downregulation of target genes at the post-transcriptional level
via sequence-specific mRNA depletion. This can be accom-
plished by the delivery of double-strand RNA in the form of
small interfering RNA (siRNA) or small hairpin RNA
(shRNA),*'" Anti-p210 RNAI targeting sequences of the junc-
tional domain of Ber-Abl suppressed its expression in CML cell
lines, resulting in growth inhibition,'""'* and lentivirus-mediated
stable expression of anti-p210 shRNA has also been success-
ful.'*"* Similarly, electroporation of p190™ cells with anti-p190
siRNA downregulated p190 and reduced cell viability in a dose-
dependent fashion.'® However, this procedure may exert
nonspecific toxicity on intact cells, and short-lived siRNA is
not sujtable for maonitoring cell viability. Therefore, to precisely
evaluate the consequences of RNAi-mediated p190 silencing,
viral vector-mediated transfer and stable expression of shRNA in
p190™ cells are required.

In the present study, we successfully downregulated p190 by
lentiviral transduction with shRNA targeting p190, resulting in
efficiently killing of p190™ cells. We also observed that
silencing of p190 caused specific inactivation of Stats and
cooperated with imatinib and 17-allylamino-17-demetoxygel-
danamycin (17-AAG) in the selective killing of p190™ cells.

Materials and methods

Design of shRNAs targeting p190

Three types of 21-bp shRNA were designed, and named as
shE1A2, shABL and shBCR, respectively. shE1A2 targets
junctional lesion between BCR exon 1 and ABL exon 2 (ela2)
in p190 mRNA. The sequence was determined after the
screening by a transient transfection of 293/p190 cells with a
series of Ub-promoter driven shETA2 expression vectors, in
which we found that the center of junctional lesion was suitable
for target site (Supplementary Figure 1). We also designed shABL
targeting nt 12381258 of ABL, and shBCR targeting nt 992-
1012 of BCR, with a computer algorithm (iGENE Therapeutics,
Tsukuba, Japan) to identify optimal sequences, and tested for
their ability to downregulate p190 (Supplementary Figure 2).
shLUC targeting Renilla luciferase was prepared as a control.
Although shE1A2 is supposed to be specific for p190, shABL is
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Figure 1 Target sites for shRNAs. (a) Locations of target site. Arrows
indicate the target sites of shRNAs on abl, ela2 of p190 Ber-Abl,
€14a2 of p210 Ber-Abl and ber mRNA, (b) The target site sequences.
Arrows indicate areas in which the sequence is complementary to that
of ber or abl.

predicted to affect not only p190 but also p210 and Abl.
Similarly, shBCR is predicted to affect p190, p210 as well as Ber
(Figures 1a and b).

Production of lentiviral vectors

The nucleotide sequences of the shRNA expression cassette in
the piGENE-PURhU6/shRNA were amplified by polymerase
chain reaction using Platinum pfx DNA polymerase (Invitrogen,
Carlsbad, CA, USA) and a primer set containing a BamH| site
(forward 5-ATGGATCCAAGGTCGGGCAGGAAGAGG-3' and
reverse 5'-ATGGATCCCATGATGATTACGCCAAGCTTGCAT-3).
The resulting fragments were digested with BamH| and ligated
into a BamH|-digested self-inactivating lentiviral transfer vector.
The expression cassettes for shE1A2, shABL and shLUC were
inserted into lentiviral transfer vector pCS-CDF-EG-PRE contain-
ing elongation factor 1 (EF14) promoter-driven human CD2 as
a selection marker (pHIV-CD2), and the shBCR expression
cassette was inserted into a similar transfer vectar containing
CD271 as a marker (pHIV-CD271). Lentiviral vector particles
were produced by cotransfection of 293T cells with pHIV-hU6/
shRNA, pMDLg/p.RRE, pRSV-rev and pMD.G as described
previously.'® Transduction efficiency was analyzed by flow
cytometry of marker gene expression, resulting in 94-99% at
high multiplicity of infection (MOIl=5) and around 50% (36~
59%) at low MOI (MOI=1).

Western blot analysis

Cells were lysed, and 50 ug of the lysate were electrophoresed
in SDS-polyacrylamide gels, transferred onto polyvinylidene
fluoride membranes, and blotted with the respective antibodies,
according to the manufactures’ instructions. All secondary
antibodies were peroxidase-conjugated, and proteins were
detected using enhanced chemiluminescence (Amersham,
Arlington Heights, IL, USA). The following antibodies were
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Figure 2 Lentivirus-mediated RNAi silences the expression of p190
Ber-Abl, (a) HEK 293/p190 cells were transduced with shLUC
(control), shE1A2, shABL and shBCR at an MOI of 5. The cells were
lysed on day 3, and lysates were labeled with the respective
antibodies: p190 Bcr-Abl and p145 Abl, with anti-Abl antibody;
p160 Bcr, with anti-Ber antibody and and actin, with anti-actin
antibody. The transduction efficiencies, determined by FACS analysis
of marker gene expression on day 3: shLUC, 99.1%; shE1A2, 99.3%;
shABL, 96.9% and shBCR, 98.1%. (b} Quantitative analysis of p190
expression. Quantitative analysis was performed using NIH Image
1.63 (National Institutes of Health, Bethesda, MD, USA), and p190
levels were normalized by actin.

used: anti-Abl (8E9; BD Biosciences, San Diego, CA, USA), anti-
Ber (N-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-Jak2 (06-255; Upstate Biotechnology, Lake Placid, NY,
USA), anti-phospho-Jak2 (Tyr1007/1008; Upstate Biotechnology),
and anti-Stat5 (C-17; Santa Cruz Biotechnology); anti-phospho-
Stat5 (Tyr694), anti-Aktl, (2H10), anti-phospho-Akt (Ser473),
anti-MEK1/2 (L38C12), anti-phospho-MEK1/2 (Ser221) (all from
Cell Signaling Technology, Danvers, MA, USA); anti-Actin (AC-
40; Sigma, St Louis, MO, USA), sheep anti-mouse IgG (515-036-
072; Jacson ImmunoResearch Labolataries, West Grave, PA,
USA) and donkey anti-rabbit 1gG (NA934V; Amersham Bios-
ciences, Little Chalfont, Bucks, UK),

Cell count and viability assay
Aliquots of 5 x 10" cells (10° cells for KOPN-30 cells) in 1 ml of
culture medium were plated in a 24-multiwell plate. Cell



number and viability were determined by trypan blue dye
exclusion. For cell proliferation assay, 10" cells in 100l of
culture medium were grown in a 96-multiwell plate. Viable cell
number was assessed on day 4 using WST-8 assay kit
(Seikagaku, Tokyo, Japan).

Colony-forming assay

Human CD34™* cells were purified from umbilical cord blood
mononuclear cells by a two-round separation procedure using
the Indirect CD34 MicroBead Kit (Miltenyi Biotec, Auburn, CA,
USA). Purified CD34™" cells were cultured in 2-minimal
essential medium containing 30% fetal bovine serum (FBS),
50ngml~" hSCF, 50ngml~" hTPO, 10ngml~' hil-3 and
50ngml™" FI3L for 24 h, transduced with anti-p190 shRNA
lentiviral vectors at an MOI of 20, and incubated for 48h.
Aliquots of 10° transduced cells were plated in triplicate in 1 ml
of 0.9% methylcellulose containing 30% FBS, 50 ngml~" hSCF,
10ngmi~" hiL-3, 100ngml~" hG-CSF, and 2Uml™" hEPO.
Alter 14 days, the number of each type of colony was scored.

Results

Silencing effect of anti-p190 shRNA lentiviral vectors
To confirm the silencing effect, we transduced HEK 293/p190
cells with lentiviral vectors encoding anti-p190 shRNA (shE1A2,
shABL and shBCR) at an MO of 5, and the expression level of
p190 was determined by western blot analysis. p190 Bcr-Abl
expression were substantially suppressed (0.0-8.0%]) by these
three anti-p190 shRNAs (Figures 2a and b). The expression of
pl45 Abl and p160 Ber was substantially inhibited by shABL
and shBCR, respectively (Figure 2a).

Proliferation and survival of leukemia cell lines after the
transduction of shRNAs

To investigate the biological consequences of anti-p190
shRNAs, p190™ KOPN-30 cells, p210* K562 cells and p190/

Efficacy of shRNAs targeting p190°" ™
M Futami ef al

p210~ NALM-6 cells were infected with lentiviral vectors
encoding these shRNAs at an MOI of 5, and cell proliferation
and viability were determined by trypan blue dye exclusion. The
Ph™ ALL-derived KOPN-30 p190™ cells ceased proliferation at
two days after transduction with shE1A2, shABL and shBCR, and
decreased in cell number and viability in a time-dependent
manner, confirming that shRNA-mediated downregulation of
p190 can kill Ph™ALL cells (Figure 3). Given that shABL and
shBCR would be expected to knock down bath p190 and p210,
we assessed the effect of these shRNAs in K562 cells, which
express p210. As expected, shABL and shBCR eradicated the
K562 cells, whereas shE1A2 did not have a notable effect,
indicating that shE1A2 is sequence-specific to p190 (Figure 3).
To further confirm that RNAi-mediated downregulation is target
sequence specific, we also transduced p190/p210~ NALM-6
cells. None of the anti-p190 shRNAs aifected survival in NALM-
6 cells, although shABL appeared to have some inhibitory effect
on growth, which suggests that p145 Abl may be positively
involved in NALM-6 cell proliferation.

The effect of shRNAs on imatinib-resistant cells

To determine whether anti-p190 shRNAs overcome imatinib
resistance, murine Ba/F3 cells transformed with wild-type p190
or imatinib-resistant mutant (p190Y253H) were transduced with
shE1A2, shABL and shBCR. In the absence of IL-3, these shRNAs
depleted BaF/3 cells with both types of p190 in an equipotent
manner (Figure 4 left). Supplementation of IL-3 clearly rescued
these cells from shRNA-mediated cytotoxic effects, suggesting
that signal transduction machinery downstream of IL-3 receptor
might be maintained irrespective of p190 expression (Figure 4
right).

The effect of downregulation of Abl and Bcr on normal
hematopoiesis

We tested the effects of shABL and shBCR on cytokine-
dependent clonal growth and differentiation of normal CD34™
ceﬁ:. Figure 4b shows that shBCR did not influence colony
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Figure 3 RNAI targeting the junctional domain of p190 kills specifically p190™ cells; RNAi targeting Abl or Ber kills both p190™ cells and
p2107 cells, Cells were transduced with shLUC (control), shE1A2, shABL and shBCR at an MOI of 5. Cell number and viability was determined by

the trypan blue exclusion.
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Figure 4 (a) Anti-p190 shRNAs kill BaF/3-p190 cells, and supplementation with IL-3 rescues these cells. Cells were transduced with shLUC,
shE1A2, shABL and shBCR at an MOI of 5, and cultured in the absence or presence (10ngmi™ ') of murine IL-3. Cell number and \.rlal'.nlm,.r were

eﬂc colony formation of normal cord blood CD34™ cells. Cord
, and cytokine-dependent clonal growth was examined by the

methylcellulose hematopoietic colony-forming assay. The number of various Iypes of colonies was scored after 14 days in culture.

formation derived from colany-forming unit granulacyte-ery-
throcyte-monocyte-megakariocyte (CFU-GEMM), CFU granulo-
cyte-monocyte (CFU-GM), and burst-forming unit erythroid
(BFU-E) cells, but shABL markedly suppressed CFU-GEMM and
BFU-E-derived colony formation.

The effect of Anti-p190 shRNA on p190 and the
downstream signal transduction pathway

Ber-Abl kinase activates a number of signal transduction
pathways, including the Jak/Stat, PI3K/Akt and Ras/Raf/MEK/
ERK pathways.'” However, the relative contributions of these
signaling pathways to p190-triggered proliferation and survival
are not fully understood. To elucidate the primary event that is
directly influenced by the downregulation of p190 Bcr-Abl, Ba/
F3-p190wi cells were transduced with anti-p190 shRNAs, and
the phosphorylation status of molecules involved in Ber-Abl-
mediated transformation was determined by immunoblot
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analysis at 48h after transduction (Figure 5a). There were no
significant changes in phosphorylation status of Jak2 by the
treatment with anti-p190 shRNAs. In contrast, a marked
reduction in phosphorylated Stat5 was noted in anti-p190
shRNA-treated BaF/3-p190wt cells, supporting the idea that
p190 activates Stat5 in a Jak2-independent manner. Anti-p190
shRNAs did not significantly affect phosphorylation of Akt or
MEK1/2, These results imply that downregulation of p190
rapidly results in the inactivation of Stat5, but inactivation of
either PI3K/Akt or Ras/Rafl/MEK/ERK pathway is not significant
compared with Stat5.

The effect of 17-AAG on p190 and the downstream
signal transduction pathway

Treatment with 17-AAG disrupts Hsp90 function and degrades
its client protein, p190/p210.""" Ba/F3-p190wt cells were
treated with increasing concentrations of 17-AAG for 24 h, and
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190wt cells. (a) Ba/F3-p190wt cells were transduced with shRNA lentiviral vectors at an MOl of 5. Cells

were harvested at 48 h after transduction, rysed and labeled with the respective antibodies. (b) Ba/F3-p190wt cells were cultured in the presence or
absence of 17-AAG (0-1000 nm) for 24 h, Lysates were labeled with the respective antibodies.

the expression level and phosphorylation status of the same
molecules shown in Figure 5a were analyzed. As shown in
Figure 5b, 17-AAG downregulated both p190 and p145 Abl ina
dose-dependent manner at concentrations >300nM. The Jak2
protein level was downregulated at 1000 nm. The downregula-
tion of phospharylated Stat5 preceded that of total Stat5 protein
level, which was not affected by the treatment with 17-AAG up
to 300 nm. Akt1 and MEK1/2 were downregulated by 17-AAG at
around 300 nm. These results suggest that 17-AAG affects p190
as well as various molecules involved in Ber-Abl-mediated
transfarmation,

Combined effects between shRNA, imatinib and
17-AAG

Because anti-p190 RNAi and 17-AAG can downregulate p190
by different mechanisms, and imatinib inactivates the kinase
activity of p190, their combination may work in a synergistic or
additive manner in killing of Ba/F3-p190wt and BaF/3-
p190Y253H cells. These two cell lines were transduced with
anti-p190 shRNAs in a suboptimal condition (MOl=1) and
cultured with increasing dose of either imatinib or 17-AAG.
Under these conditions, anti-p190 shRNAs increased sensitivity
of BafF3-p190wt cells to imatinib and 17-AAG. BaF/3-
p190Y253H cells did not respond to imatinib, even at 5 um;
however, the anti-p190 shRNAs appeared (o restore sensitivity
to higher concentrations of imatinib (Figure 6a). On the other
hand, anti-p190 shRNAs cooperated with 17-AAG to kill Ba/F3-
p190Y253H cells, with a dose-response curve similar to that in
Ba/F3-p190wt cells (Figure 6b). When Ba/F3-p190 cells were
exposed to various dosage combinations of 17-AAG and
imatinib, the drugs acted synergistically to kill Ba/F3-p190wt
cells, and 17-AAG clearly sensitized Ba/F3-p190Y253H cells to
imatinib (Figure 6c).

Discussion

We applied RNAI to test whether specific and efficient killing of
Ph*ALL cells could be achieved by downregulation of p190.
Wohlbald et al.' first reported the effective inhibition of p190
protein by siRNA and its cytotoxicity in murine 32D-p190 cells;
hawever, they induced siRNA by elecroporation, which is likely
to cause nonspecific damage to recipient cells. We indepen-
dently designed a series of overlapping shRNAs complementary
to the ela2 junction of p190 and determined the optimal target
sequence for inhibition, finding a sequence identical to that
described by Wohlbold et al. Use of lentiviral transfer of shRNA
expression cassettes provided efficient transduction and sus-
tained silencing of the target protein with reduced nons?eciﬂc
damage. Using a similar vector system, Scherr et al'* have
demonstrated that stable, but not transient, RNAi can efficiently
deplete p210 from p210™ cells, depending on the MOI used for
infection; transduction at a high MOI resulted in almost
complete loss of viable cells, but transduction at a low MOI
caused minimal growth inhibition. These results are compatible
with our data in Figures 4 and 6.

We also showed that shBCR and shABL very efficiently
downregulated p190/p210 Ber-Abl proteins as well as their
normal counterparts. Although Abl-deficient mice have multiple
defects, including high postnatal mortality, runting and mor-
phological abnormalities, Abl is considered to be dispensable
for the function of hematopoietic stem cells, myeloid progenitor
cells and immune cells.***" On the other hand, Ber-null mice
appear intact, and a peculiar finding is that their neutrophils
show a marked increase in superoxide production upon
activation.”? Consistent with these findings, shABL slightly
inhibited proliferation of p190/p210~ NALM-6 cells without
loss of viability, but shBCR did not affect these cells. In addition,
BaF/3-p190 cells treated with shABL and shBCR could be
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Figure 6 Cell proliferation assay conducted after combined treatment with shRNAs and imatinib or 17-AAG. (a) Combination of shRNAs and
imatinib. Ba/F3-p190wt and Ba/F3-p190Y253H cells were transduced with shRNA lentiviral vectors under suboptimal condition (MOI=1) and
cultured in the presence or absence of imatinib (0-5 um). (b) Combination of shRNAs and 17-AAG. Ba/F3-p190wt cells and Ba/F3-p190Y253H
cells were transduced with shRNA lentiviral vectors at an MOI of 1 and cultured in the presence or absence of 17-AAG (0-500nm). (c)
Combination of 17-AAG and imatinib. Ba/F3-p190wt cells and Ba/F3-p190Y253H cells were treated with various combinations of 17-AAG
(0-60 nw) and imatinib (0-5 pm). Viable cell number was determined using a WST-B assay after the 96 h of treatment.

rescued by exogenous IL-3, indicating that neither Abl nor Ber is
essential for response to IL-3. In addition, shABL, but not shBCR,
inhibited CFU-GEMM/BFU-E-derived colony formation, which
suggests that Abl plays a role especially in normal erythro-
poiesis. Furthermore, shABL, but not shBCR, profoundly
depleted 293 cells during the culture of several days, suggesting
the tissue-specific critical role of Abl (data not shown). Thus, itis
possible that, with an improved delivery system such as our
previously developed CD19-targeted liposomes,™ anti-p190
shRNAs may become a therapeutic option in Ph™ ALL.

Leukemia

Hsp90 is a molecular chaperon that forms complexes with a
variety of polypeptides and facilitates the initial folding and
stabilization of its client proteins, Hsp90 is disrupted by 17-
AAG,** which induces the degradation of p190/p210'*'" and
thereby inhibits the proliferation of p190/p210™ cells with or
without the kinase domain mutation.** We revealed that
17-AAG downregulated p190 and other signaling molecules
downstream of p190. Some studies have shown that anti-p210
sIRNA in combination with imatinib or 17-AAG exerts more z
patent activity than control siRNA with imatinib or 17-AAG in



.

p2107 cells, with or without the kinase domain mutation. 1238
In addition, Radujkovic et al*” have shown that combination
treatment with 17-AAG and imatinib inhibits cell proliferation
additively/antagonistically in imatinib-sensitive p210* cells and
synergistically in imatinib-resistant cells. Our results are closely
compatible with these data, and combination-targeting strate-
gies, as described here, may have enhanced therapeutic
patency,

The activation of Stat5 in Ph™ leukemia cells is well
recognized,”"*" but its significance in the pathogenesis of
Ph™ leukemia is controversial. However, BCR-ABL-transduced
hematopoietic progenitors from Stat5-null mice cannot generate
leukemia in recipient mice,® and that anti-Stat5 siRNA impairs
Ph™ myeloid colony formation in CML."" These two recent
studies suggest that Stat5 contributes to Ber-Abl-induced
leukemogenesis, Ber-Abl may directly activate Stat5 through
phosphorylation,**** or may indirectly activate Stat5 through
phosphorylation by Jak2 or Src family kinases,”**** both of
which are activated in Bcr-Abl-expressing cells. Interestingly,
tyrosine phospharylation of Stat5 was substantially eliminated in
BaF/3-p190wt cells transduced with anti-p190 shRNAs, whereas
Jak2, Akt and MEK1/2 were still in an activated state. These
results offer further evidence for the critical role of Stat5 in
Ber-Abl-induced transformation of hematopoietic cells. [t is
likely that p190 directly phosphorylates Stat5 and that Jak2 is
remote from activation of Stat5 in this cell context, although the
possible involvement of Src family kinases such as Hek and Lyn
cannot be excluded. The mechanism by which phophorylation
of several signal transducers was maintained after p190 down-
regulation remains lo be elucidated. Nevertheless, compared
with the PI3K/Akt and Ras/Ral/MEK/ERK pathways, the Stat5
signaling pathway contributes more closely to p190-mediated
transformation of hematopoietic cells.

In conclusion, RNAi-mediated silencing of p190 is a
promising toal for both signal transduction delineation and
therapeutic application in p190-expressing leukemia.
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ARTICLE INFO ABSTRACT

Article history: Common marmoset monkeys have recently attracted much attention as a primate research model, and
Reccived 7 February 2008 are preferred to rhesus and cynomolgus monkeys due to their small bodies, easy handling and efficient
Available anline 10 March 2008 breeding. We recently reported the establishment of common marmoset embryonic stem cell (CMESC)
lines that could differentiate into three germ layers. Here, we report that our CMESC can also differentiate
Keywords: into cardiomyocytes and investigated their characteristics. After induction, FOG-2 was expressed, fol-

m'“‘m eell lowed by GATA4 and Thx20, then Nkx2.5 and Tbx5. Spontaneous beating could be detected at days 12-
Pri Coimon mansioget 15. Immunofluorescent staining and ultrastructural analy led that they p d characteristics
Monkey typical of functional cardiomyocytes. They showed sinus node-like action potentials, and the beating rate
Cardiomyocytes was augmented by isoproterenol stimulation. The BrdU incorporation assay revealed that CMESC-derived
Differentiation cardiomyocytes retained a high proliferative potential for up to 24 weeks, We believe that CMESC-
Characterization derived cardiomyocytes will advance preclinical studies in cardiovascular regenerative medicine.

mﬂmﬂ © 2008 Elsevier Inc. All rights reserved.

Cardiomyocytes have been known to terminally differentiate
and lose their ability to proliferate soon after birth [1). Some
researchers have reported the possible existence of adult cardiac
stem or progenitor cells [2-4], but unfortunately these cells do
not have sufficient proliferation ability for repairing the damaged
heart [5]. Therefore, once the physical or functional loss of myo-
cytes occurs due to myocardial infarction (MI) or myocarditis, a
damaged heart cannot recover its structure and function. The char-
acteristics of embryonic stem (ES) cells include clonal and unlim-
ited expansion, as well as differentiation into various cell types
including cardiomyocytes [6]. Thus, human ES cells would be an
attractive cell source for regenerative heart therapy. However, be-
fore these can be applied clinically, the therapeutic efficacy and
safety of ES cell-derived cardiomyocytes must be proven in pre-
clinical experiments using a primate model system.

To date, rhesus and cynomolgus monkeys have been the most
frequently used primate models in preclinical studies. Recently,
the common marmoset monkey (Callithrix jacchus) has attracted
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a great deal of attention as a potential laboratory and preclinical
experimental animal, because it has many advantages including a
small body, a short gestation period (approximately 144 days),
early sexual maturity (12-18 months), bears 4-6 progeny/year, is
cost efficient and is easy to maintain. Recently, we reported the
establishment of three CMESC lines, which have many similarities
to human ES cells including morphology, surface antigens and cel-
lular characteristics [7]. It is expected that common marmoset
monkeys and CMESC-derived differentiated cells will provide a
powerful preclinical model for studies in the field of regenerative
medicine.

Rhesus and cynomolgus monkey ES cells have already been
established [8,9], and these ES cells are able to differentiate into
cardiomyocytes [10,11]. We have reported previously that CMESC
lines can differentiate into neuron and glia, and induce formation
of teratomas including cartilage, adipose tissue, skeletal muscle, a
bronchus-like structure, keratinizing squamous epidermis, epider-
mis and CD31-positive vascular endothelial cells [7]. However, we
were not able to induce cardiomyocyte differentiation from
CMESC.

To utilize this system for preclinical studies into heart regener-
ation, we investigated conditions that were suitable for cardiomy-
ocyte induction from CMESC. Here we report the successful



802 H. Chen et ol /Biochemical and Biophysi

| Research Ci 369 (2008) BOT-806

differentiation of CMESC into cardiomyocytes. The CMESC-derived
cardiomyocytes were characterized in detail.

Materials and methods

Common mmsunmwwmmmummmam

40 were d from the Lab of Applied Devel | Biology,
Research Department, Central Institute for Experunmul Animals [7]. CMESCs were
d on 10 pg/mL mi cin C-treated mouse embryonic fibroblast (MEF) fee-
der cells with CMESM (c ES cell medium) culture medi which
consisted of 80% Knockout Dulbecco’s modified Eagle's medium (KO-DMEM; Invit-
rogen Co. 10829-018) supplemented with 20% Knockout Serum
(KSR: Invitrogen Co., 10828-028), 0.1 mM MEM Non-Essential Amino Acids Solution
(Sigma-Aldrich Co., M7145) 2mM -Glutamine (Invitrogen Co. 25030-081),
0.1 mM B-Mercaptoethanol (2-ME; Sigma-Aldrich Co., M-7522) and 4 ng/ml basic
fibroblast growth factor (bFGF; Wako Pure Chemical Industries Ltd., 064-04541).
CMESCs were passaged every 5 or 6 days to maintaln them in an undifferentiated
state.

For differentiation, CMESC colonies of an appropriate size were chosen using a
combination of 40-uym and 100-pm cell i (Becton-Dich that also
facilitated the complete removal of feeder cells. Embryoid bodies (EBs) were
formed by suspending and culturing colonies in Petri dishes during the first 10
days. To evaluate the incidence of beating EBs, EBs were distributed in non-adhe-
sive 96-well culture plates (Sumitomo Bakelite Co. Ltd.) with approximately 1-2

EBs per well,

Reverse transcri] I chain (RT-PCR) analysis. Total RNA was
yrepmdfrwnmumlsocm (Nippon mto.l.nd..st?mﬂamdmgm
the manufacturer’s instructions. C DNA was degraded by

RNase-Free DNase | (Ambion, Japan, #2222) at 3?'€ for 30 min. Fulll:mln; phe-
nol-chloroform extraction and ethanol precipitation, total RNA was reverse tran-
scribed into ¢DNA using the Oligo-{dT)12-18 primer (Superscript Il RT kit:
Invitrogen Co., 18064-022) and then amplified by PCR using RED-Taq DNA polymer-
ase (Sigma-Aldrich Co., D4309). The primer sequences and PCR conditions are listed
online in Supplementary Table 1.

Immunofluorescent stoining EBs (6-8 weeks after differentiation) were fixed in
4% paraformaldehyde for 30 min at room temperature, cryoprotected with sucrose
and cryosectioned into 7-um sections. After pretreatment with ImmunoBlock®
(Dainippon Sumitomo Pharma Co., Ltd., KNOO1), the sections were incubated at
4 °C overnight with the primary mﬁbodi.u ﬁllumﬁinm(‘m:blﬂﬂednllm
with 0.1% Tween 20). The fi
m:mmmmmﬂmmmuwtmuumwummmum
are listed online in Supplementary Table 2. The nuclei were stained with DAPI or
ToPro-3 (lnvi Co.) and ob d by conventional fluorescent microscopy
(IX71; Of Co.) and confocal Laser py (LSM510 META; Carl Zeiss
Inc.), respectively.

Transrnission electron microscopy (TEM). EBs were fixed in cold 2.5% glutaralde-
hyde with 2% piraﬁn‘ma]defwde in0.1 mol.fl.cacodyur: bufTer (pH 7.4), post-fixed
in 1% i d and dded in Epon resin. Ultrathin sec-
tions were mounted on mpper grids, stained with urany] acetate and lead citrate,
and examined by TEM (Philips).

Electrophysiology. The microscope was equipped with a recording chamber
and a noise-free heating plate (Microwarm Plate; Kitazato Supply)l A 10 mmol/L
volume of HEPES was added to the culture medium to maintain the pH of the
perfusate at 7.5-7.6. Standard glass microelectrodes that had a DC resistance
of 25-35 MO when filled with pipette solution (2 molfL KCI) were used. The elec-
trodes were positioned using a motor-driven micromanipulator (EMM-35V:
Marishige) under optical control. Spontaneously beating cells were selected as
targets, and the action potentials of the targeted cells were recorded. The record-
ing pipette was connected to a patch-clamp amplifier (Axopatch 2008; Axon
Instruments), and the signal was passed through a low-pass filter with a cut-
off frequency of 2 kHz and digitized with an A/D converter with a sampling fre-
quency of 10 kHz (Digidata 1440A; Axon Instruments). Signals were monitored,
recorded as electronic files. and analyzed offline with pCLAMP 10 software (Axon
Instruments),

BrdU incorporation assay. After three weeks of differentiation, the medium was
changed and EBs were cultured in a-MEM supplemented with 10% FCS, Five to 36
week-old EBs were divided into two groups. EBs in Group 1 (intact EB) were cul-
wndmm:DWﬂdewuhlnMNpﬂmMMﬂl 10% FCS, then
fixed with 4% parafi yde. After with 20% sucrose for 1 hour at RT,
meﬂmdullsmmecumd.mucummlmmmd in 2N HQ with
0.5% Tween 20 solution for 20 min. Cardiomyocytes that had incorporated BrdU
were detected using the BrdU Labeling and Detection Kit 1 (Roche Diagnostics Co.,
11296736001) according to the manufacturer's inmuctlard. mept that the pri-

mary antibody for Nkx2.5 and the dary gated with Alexa-546
(Invitrogen Co.) were also used to identify urd.imocmmlnﬂrwpltdb-
persed condition) were dispersed by 0.1X trypsin and 0.1% collagenase type Il
(Worthington Biochemical Co.. #4182) in ADS buffer (116 mM NaCl, 20 mM HEPES,
12.5 mM NaH;PO,. 5.6 mM glucose, 5.4 mM KCl, and 0.8 mM Mg$0,, pH 7.35) with
stirring. After 2 days of culture in a-MEM supplemented with 10% FCS, 10 ymol/L of

BrdU was added and the dispersed EBs were cultured for a further 24 h at 37 *C in
the same medium. Detection of BrdU-incorporated cardiomyocytes was performed
as described above.

Results

Differentiation of CMESCs into spontaneously contracting
cardiomyocytes

The two lines of CMESCs were cultured in medium containing
KSR instead of animal-derived serum in order to maintain pluripo-
tency (Fig. 1A. left). To stimulate the CMESCs to differentiate into
cardiomyocytes, we adopted a conventional floating culture sys-
tem and tested several combinations of medium (DMEM, KO-
DMEM or «-MEM) and several lots of fetal calf serum (FCS) or
KSR. We succeeded in stimulating CMESC line No. 20 to differenti-
ate into contracting EBs, but failed to differentiate CMESC line
No.40 under all conditions tested. CMESC line No. 20 could differ-
entiate into EBs with contracting areas when a combination of
three out of five lots of FCS (5-20% in use) and KO-DMEM or a-
MEM were used. Strikingly, beating EBs could be obtained very
efficiently by culturing the cells in KO-DMEM supplemented with
20% KSR, which was named dCMESM (common marmoset ES cell
medium for cardiomyocyte differentiation). This had the same
composition as the CMESM, but lacked bFGF. Confluent cultures
of undifferentiated CMESCs were completely dissociated from the
feeder cells and cultured in suspension to form EBs in dCMESM.
In the floating culture system, CMESCs efficiently developed EBs
and spontaneously beating cells (Supplementary Movie). An aver-
age of 10-20% of EBs began spontaneously contracting 12-15 days
after differentiation, A maximum percentage (46 + 13%) of contrac-
tile EBs was observed at approximately 18 days after differentia-
tion, and was roughly sustained for two months.

Most contractile areas within EBs were located in the cell mass
or the periphery of cystic structures. Contraction of CMESC-derived
EBs was highly sensitive to temperature, a characteristic shared by
human ES-derived EBs. EBs were cryosectioned 6-8 weeks after
differentiation and immunofluorescent staining was performed.
Typically Nkx2.5 and a-Actinin double-positive areas existed in
the subsurface of EBs (Fig. 1A, center and right). In the cardiomyo-
cyte-containing EBs, the Nkx2.5 and a-Actinin double-positive cells
were approximately 30% of total cells.

Immunofluorescent staining and microstructure of CMESC-derived
cardiomyocytes

Immunofluorescent staining was essential to determine the car-
diomyocyte structure and the expression of cardiomyocyte-spe-
cific proteins. However, at the start of this study, the type of
antibodies that would recognize common marmoset monkey
cardiomyocytes was unknown. We therefore tested various anti-
bodies that could detect cardiomyocyte-specific proteins in the
CMESC-derived cardiomyocytes. Spontaneously beating EBs were
dispersed and the CMESC-derived cardiomyocytes were cultured
under adherent culture conditions. Immunofluorescent staining
was then performed. Antibodies for the cardiac-specific transcrip-
tion factors Nkx2.5 and GATA4 strongly labeled the nuclei of the
CMESC-derived cardiomyocytes. Moreover, antibodies for a-Acti-
nin, myosin heavy chain (MHC), myosin light chain (MLC) and
Tropomyosin strongly labeled the typical myofilament structure
of the cardiomyocytes. The antibody for the atrial natriuretic pep-
tide (ANP) highlighted the secretary granules typical of cardiomyo-
cytes surrounding the nucleus (Fig. 1B).

Microstructural analysis using TEM revealed typical myofila-
ment structures, desmosomes and a number of mitochondria in
CMESC-derived cardiomyocytes (Fig. 1C).
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Fig. 1. Structural studies of CMESC-derived cardiomyocytes, (A) Phase contrast microscopy of the undifferentiated CMESC (left), and typical cardiomyocyte-containing non-
cystic embryoid body [EB) (center). Inmunoflucrescent microscopy of cryosections of EBs using anti-a-Actinin and Nio2.5 antibodies. (B) Double immunofluorescent staining
for Nkx2_5 or GATA4 combined with a-Actinin, MHC, MLC, Tropomyosin or ANP. (C) Transmission electron microscopy of the CMESC-derived cardiomyocytes: striated muscle
fiber (left, black ammow), desmosomal structure (middle, white arrow head) and mitochondria (right, black arrow head), Scale bars: (A) 100 um; (B), 20 pmy; (C) 0.5 ym.

Time course of marker gene expression during cardiomyocyte with pluripotency, visceral endoderm, and early and late cardio-
differentiation myogenesis, Some of the primers used have been described previ-
ously [7,10], and some were designed based on similar murine,

To characterize the differentiation pathway of undifferentiated macaca fascicularis and homo sapiens sequences (Supplementary
CMESC into cardiomyocytes, we performed semi-quantitative RT- Table 1). The pluripotency markers Nanog and octamer-binding
PCR to analyze the expression of various marker genes associated transcription factor 3 (Oct3/4) were expressed at high levels in
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undifferentiated ES cells. Expression levels of both markers gradu-
ally decreased upon differentiation and completely disappeared at
day 15 post-differentiation (Fig. 2A). The early mesendoderm mar-
ker Brachyury was observed from day 3 post-differentiation,
peaked at day 6 post-differentiation, but could not be detected at
day 9 post-differentiation (Fig. 2B). The visceral endoderm marker
alpha-fetoprotein (AFP) was observed from day 3 post-differentia-
tion and peaked at day 9 post-differentiation, but could not be de-
tected at day 15 post-differentiation (Fig. 2C). For the genes
encoding cardiac-related transcription factors, the expression of
the friend of GATA 2 (FOG-2) was first observed from day 3 post-
differentiation, GATA4 and the t-box 20 (Tbx-20) were from day 6
post-differentiation, Thx5 was from day 9 post-differentiation,
and Nkx2.5 was strongly observed at day 15 post-differentiation
(Fig. 2D). For the cardiomyocyte-specific proteins, ANP and the
MLC 2 atrial (MLC2a) were observed first from day 6 post-differen-
tiation, «-MHC and §-MHC were from day 9 post-differentiation,
the MLC 2 ventricular (MLC2v) was from day 12 post-differentia-
tion (Fig. 2E).

Action potential recordings of CMESC-derived cardiomyocytes

We recorded the action potentials of CMESC-derived cardio-
myocytes using glass microelectrodes. Eight-week-old contracting
EBs were selected manually and dispersed into small clumps and
single cells, The dispersed EBs were cultured to confluence for
three days before analysis. The microelectrode was advanced to
the intracellular cytoplasm and the voltage of the bulk solution
and cytoplasm were measured. Rhythmic beating could be de-
tected in the CMESC-derived cardiomyocytes, The action potential
resembled a sinus node, indicating that the CMESC-derived cardio-
myocytes had a relatively shallow resting membrane potential,
slow diastolic depolarization and relatively long action potential
duration (Fig. 3A). The administration of isoproterenol increased
their beating rates (Fig. 3B). The basic cycle length (BCL), action po-
tential duration (APD), dV/dt, action potential amplitude (APA) and
maximum diastolic potential (MDP) were also recorded (Fig. 3C).

A[oa:w

B C Brachyury

CLCAFP

r FOG-2

GATA4

D | Nkx2.5
Tbx5

L Thx20
ANP
MLC2a

E | MLc2y

a-MHC

L p-MHC
B-Actin

Fig. 2. RT-PCR analysis of the CMESC-derived EBs for various immature and card-
iomyocyte-specific proteins., (A) Pluripotency-related genes: Nanog and Oct3/4; (B)
Mesodermal marker gene: Brachyury; (C) Primitive endodermal marker gene: AFF;
(D) cardiomyocyte-precursor and cardiomyocyte marker genes: FOG-2, GATA4, N-
k.5, Tha5, and Thx20; (E) Cardiomyocyte-associated structural protein genes: ANP,
MLC2a, MLC2v, =-MHC, §-MHC, and equal loading control p-actin. Reverse-tran-
scription negative controls were also amplified and loaded in the lane next to the
relevant sample. Abbreviations are listed in Supplementary Table 1.
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Fig. 3. Electrophysiclogy of CMESC-derived cardi cytes. (A) Repr ive
action potentials of CMESC-derived h beating
(left) and the relatively short duration time of me acuon ponenml trlght}. (B} Effect
of isoproterenol (15P) on the beating rate. (C) Stati 4 from
12 cardiomyocytes including beating cycle length (ECLJ. action potential duration
(APD), dV/dt max, action potential amplitude (APA) and maximum diastolic pote-
ntial (MDP).

Proliferative potential of CMESC-derived cardiomyocytes

Since the gestation period of the common marmoset is approx-
imately seven times longer than that of the mouse, we hypothe-
sized that CMESC-derived cardiomyocytes also retain their
proliferative potential for a longer period of time and investigated
this possibility, When EBs were dispersed into small clumps we
observed a relatively long-term proliferation period and noticeable
cell multiplication. From these findings, we expected that CMESC-
derived cardiomyocytes might possess a higher proliferation abil-
ity than mouse-derived ES cells,

First, we performed BrdU incorporation assays on intact EBs at
several time points after differentiation had occurred, The identifi-
cation of DNA synthesizing cardiomyocytes was confirmed by co-
immunofluorescent staining of Nkx2.5 and BrdU, At 6 weeks, intact
EBs initially contained 33% BrdU-positive cardiomyocytes, but this
decreased to less than 1% at 12 weeks (Fig. 4A and B), Next, the dis-
persed cells from EBs at several time points were applied to BrdU
incorporation assays. Average 73% of cardiomyocytes were positive
for BrdU at 5 weeks. This gradually decreased to 30% at 24 weeks,
and 0% at 36 weeks (Fig. 4A and C). Most of the cardiomyocytes
from freshly dispersed EBs 36 weeks after differentiation were
rod-shaped (data not shown). These data indicated that common
marmoset ES cell-derived cardiomyocytes retained their prolifera-
tion potential for an extended period of time.

Discussion

This is the first study to demonstrate that CMESC can differen-
tiate into cardiomyocytes in vitro. We described their overall differ-
entiation mechanism including time-courses for the expression of
various genes during cardiogenesis, and characterized them in
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Fig. 4. Proliferation properties of CMESC-derived cardiomyocytes. (A) Time course BrdU incorporation assay in intact EB (open circle: n = 3) and dispersed condition (closed
circle; n=3) during weeks 5-36 post-differentiation. Cardiomyocytes were identified by iImmunofluorescent stalning for Nioi2.S. The fractions of BrdU-positive cardiomy-
ocytes were plotted. (B) Typical immunofluorescent staining patterns of Nkoc2.5 (left), BrdU (middle) and merged images (right) in the intact EBs 6 weeks after differentiation
(upper panel) and 12 weeks after differentiation (lower panel). (C) Typical immunodetection of Nio2.5 (left), BrdU (middle) and merged images (right) in the dispersed

condition & weeks after differentiation. Scale bars: (B) 100 pm: (C) 20 pm.

detail by immunoflucrescent staining, ultrastructural analysis,
electrophysiology and determining their growth properties.

Gene expression analyses during cardiogenesis in several spe-
cies including mice [12], humans [13], and rhesus monkeys [10]
are avallable. The present study enabled us to obtain gene expres-
sion data for the common marmoset monkey. A comparison of
gene expression profiles between the species listed above high-
lights many similarities. The only major difference seems be in
the timing of cardiomyocyte development: 8-14 days in humans;
12 days in the common marmoset; 8 days in the rhesus monkey;
and 6 days in mice. Although minor differences in the expression
timings of the ANP, MLC-2a, MLC-2v and «-MHC genes also exist
during differentiation, we found that the timing of CMESCs was
closest to human ES cells,

We found that the efficiency of cardiac differentiation was the
same when obtained under non-serum conditions using KSR in-
stead of FCS. These observations indicated that CMESCs, unlike hu-

man [14)] or rhesus monkey [10] ES cells, do not require any serum-
derived stimulating factors for mesendoderm induction and cardi-
ogenesis, because KSR does not contain any cytokines or growth
factors. On the other hand, the expression of various marker genes
during cardiogenesis was very similar to that seen in human [14]
and rhesus monkey [10] ES cells, suggesting that CMESCs have a
similar cardiogenic differentiation system to human and rhesus
monkey ES cells. CMESCs might be able to provide differentia-
tion-inducing auto- and/or paracrine factors. Further mechanistic
comparative studies between CMESCs and human and/or rhesus
monkey ES cells will provide further insights into cardiogenic
differentiation.

BrdU incorporation assay indicated that CMESC-derived cardio-
myocytes were capable of long-term proliferation for extended
periods of time. Importantly, CMESC-derived cardiomyocytes were
still able to proliferate 24 weeks after differentiation, but the
ability to proliferate ended at 36 weeks. Considering the gestation
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period of the common marmoset, these findings had a reasonable
explanation.

Much information about human ES cells and their application to
heart regeneration therapy has accumulated [15,16]. Moreover,
mouse and human inducible pluripotent stem cells (iPS cell) have
also been established [17]. In order for heart regeneration therapy
using regenerated cardiomyocytes to become a reality, preclinical
studies using primate ES cell- or iPS cell-derived cardiomyocytes
for transplantation are necessary. The common marmaset monkey
is an ideal primate model for preclinical studies in the field of
regenerative medicine, We believe that this report provides funda-
mental details about CMESC-derived cardiomyocytes that will aid
their use as a primate heart cell-therapy model.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2008.02.141.
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