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Figure 1 Expression of Ad receptors on HEK293 cells and MSCs. Representative flow cytometry profiles of HEK293 cells and MSCs that were
stained with (A) anti-CAR, anti-CD46, (B) anti-CD51, anti-integrin avP33 or anti-integrin avp5 Ab. Shaded areas and bold lines show unstained and
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cells were not different when they were transduced either
with Ad5-GFP or AdF35-GFP (Figure 4). In contrast, GFP
positive MSCs cells were undetected with Ad5-mediated
transduction and the positive percentages after transduc-
tion with AdF35-GFP were lower than those of HEK293
cells. The differential GFP positive rates were attributable

to viral infectivity to the cells since both Ad5-GFP and
AdF35-GFP used the same CMV promoter.

Anti-tumor effects of MSCs infected with AdF35-1L-28A
IL-28A produced cytotoxic effects on cells expressing the
receptor complex, IL-28Ra and IL-10RP. We examined
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Figure 3 Infectivity of Ad to MSCs. (A) Schematic structures of Ad5-GFP and AdF35-GFP. The E1 region was replaced with the CMV promoter-linked
GFP gene. (B) Representative flow cytometry profiles of HEK293 cells and MSCs that were infected with Ad5-GFP or AdF35-GFP. M1 indicates positively
stained population, and shaded areas and bold lines show uninfected and infected cells, respectively.
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were judged as GFP-positive. SE bars are also shown (n=3).

OBA-LK1 cells and AdF35-IL-28A-infected MSCs was
even lower than that of OBA-LK1 cells alone, indicating
that IL-28A released from MSCs inhibited growth of
OBA-LK1 cells.

We confirmed growth inhibitory activities of MSCs trans-
duced with AdF35-IL-28A in a different assay (Table 1).
OBA-LK1 cells were labeled with PKH 26 and cultured with
MSCs for 4 days. We then stained all the cells with Hoechst
33342 and calculated numbers of PKH 28 positive cells
among Hoechst 33342 positive cells. Percentages of PKH 28
positive OBA-LK1 cells were about 80% because the PKH
28 labeling was not complete under the experimental condi-
tion. OBA-LK1 cells cultured with untransduced MSCs fur-
ther decreased the PKH 28 positive ratio since PKH 26
negative MSCs were also counted. Percentages of PKH 26
positive cells in cell mixtures were not different between
co-culture with uninfected MSCs and that with AdF35-
LacZ-infected MSCs irrespective of a ratio of the mix-
tures. The percentages however significantly lower in
co-culture with AdF35-IL-28A-infected MSCs com-
pared with cell mixture with uninfected MSCs or AdF35-
LacZ infected MSCs. These data demonstrated that
MSCs-derived IL-28A inhibited growth of OBA-LK1
cells.

Transcriptional regulation and growth assistance in MSCs

We investigated whether a putative tumor promoter could
activate the [uciferase gene in non-tumorous MSCs. We
therefore examined transcriptional regions of the midkine,
the survivin and the COX-2 genes for the promoter
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Figure 5 Growth inhibition of MSCs transduced with AdF35-IL-28.
(A) Expression of IL-28 receptor complexes in human fibroblasts and
MSCs. RT-PCR showed IL-28Ra and IL-108 gene products. TE-11 cells
were used as a positive control for the gene expression and GAPDH

as a loading control. (B) MSCs (100 or 300/well), uninfected or infected
with AdF35-IL-28A or AdF35-LacZ (MOl = 100), were cultured alone or
with OBA-LK1 cells (1,000/well) for 4 days. Viability of each group was
detected with the WST-8 reagent and expressed as absorbance at 450 nm.
SE bars are also shown (n =3). *P <005 and *P < 001, comparing MSCs
infected with AdF35-IL-28A versus MSCs uninfected or infected

with AdF35-LacZ.

activity in MSCs with the SV40 T antigen promoter region
as a reference (Table 2). These regions are often used
for activation of a transgene in a tumor-specific man-
ner. A regulatory region of the COX-2 gene activated
the luciferase gene greater than that of the midkine or
the survivin gene. A transcriptional activity of the COX
region was greater than that of the SV40 T antigen pro-
moter, but much less than that of the CMV promoter
which is commonly used for transgene activations in many
cells.

We also examined a possible tumor growth-promoting
activity of MSCs with animal experiments (Figure 6).
We inoculated YES-2 esophageal carcinoma cells into
nude mice without or with MSCs or fibroblasts OUMS-
24. Tumor growth of mixed populations, irrespective of
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Table 1 Growth suppression of OBA-LK1 cells cultured
with transduced MSCs

OBA-LK1 MSCs infected Mixed cell ratio PKH 26 positive cells
with (OBA-LK1 : MSCs) (Percentage + SE)’

(+) =) 80220

+) None 10:1 574+42%

€5 AdF35-LacZ 10:1 656+4.1*

) AdF35-L28A  10:1 476+27*

) None 10:3 67.0+ 44"

+) AdF35-LacZ 10:3 56.1 +2.0°

+) AdF351L-28A  10:3 264+14"

OBA-LK1 cells (3.3 x10% stained with PKH 26 were cultured with MSCs at a
ratio indicated, and all the cells were then stained with Hoechst 33342 on day
4. "Percentages of PKH 26 positive cells among Hoechst 33342 positive cells
and SEs are also shown (n=3).

*P < 0.05 and *P < 0.01, comparing between cells mixed with AdF35-IL-28A-
infected MSCs and cells mixed with uninfected MSCs or
AdF35-LacZ-infected MSCs.

the ratio or mixed cells, was not different from that of
YES-2 cells alone, demonstrating that MSCs, like fibro-
blasts, did not support tumor growth of YES-2 esopha-
geal carcinoma cells co-injected.

Discussion

We showed that MSCs were resistant to Ad5-mediated
gene transfer but were transduced with fiber-modified
AdF35 vectors. The transduction preference was linked
with the Ad receptor expression on MSCs, which were
negative for CAR but positive for CD46 molecules.
Comparison of receptor expressions between HEK293
cells and MSCs further showed that CD46 expression
levels on MSCs were not as great as those on HEK293
cells, which resulted in lower transduction efficacy of
AdF35 to MSCs than to HEK293 cells. Interestingly, ex-
pression levels of avf3 and avp5 integrin molecules were

Table 2 Promoter activity of transcriptional regulatory
regions in MSCs

Luciferase activity

Transcriptional regulatory
(average + SE)'

region

=) 168+89

SV40 T antigen 1000 £11.5%
Midkine 66.8 + 27.6%
Survivin 475+ 14.7%
COX-2 368.2+182.8*%
(@Y% 63234 +2067.3*

"Relative luciferase activity was calculated based on the SV40 T antigen
promoter-mediated activity as 100%. SEs are shown (n=3).

*P < 005, comparing between the COX-2 region and either the SV40 T antigen,
the survivin regulatory region, the midkine regulatory region or the

CMV promoter.
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greater on MSCs than on HEK293 cells. Nevertheless,
transduction of MSCs with Ad5 was not detected, indicat-
ing that the integrin molecules did not play a role as an
auxiliary receptor in MSCs although the integrin mole-
cules were demonstrated to be the major receptor of Ad5
in CAR-deficient cells [23]. In addition, the integrin mole-
cules were shown to enhance AdF35-mediated gene trans-
duction [24], but the present study suggested that elevated
expression levels of integrin molecules on MSCs cells
could not restore transduction efficacy of AdF35 to
MSCs to the same level as to HEK293 cells. Many fac-
tors seem to be involved in mechanisms underlying Ad in-
fectivity and the mechanisms can be different among cell
types tested. They may include a possible threshold level
of the receptor expression necessary for Ad infection and
a presumable reciprocal interaction among the receptor
molecules. CD46 is not a sole receptor for AdF35 and the
expression levels were relatively low in freshly isolated
MSCs [25]. Nevertheless, the MSCs from adult donors
were infected with AdF35 [25], and we presume that Ad
vectors bearing the type 35 fiber is currently one of the ef-
ficient vectors for gene transfer into MSCs.

Usage of gene modified MSCs has several advantages
over direct Ad administrations in the anti-tumor activity.
Transduced MSCs, injected intratumorally, tend to localize
at the tumor sites in contrast to Ad which are subjected to
a rapid washout from the injection sites [26]. Propensity of
MSCs to migrate into tumors is thus favorable for MSCs-
mediated anti-tumor effects [27] although the property
was dependent on an experimental system [28]. Adminis-
tration of MSCs into a tumor site also needs careful con-
sideration since MSCs can promote the tumor growth due
to the ability to constitute and maintain the microenviron-
ments around tumors. We thereby examined the possible
growth-enhancing activity iz vivo and showed that MSCs
did not support tumor growth of esophageal carcinoma
cells co-injected. MSCs were not able to enhance tumor
growth in nude mice but the possibility of tumor promot-
ing actions needs to be studied in different experimental
models. On the other hand, the present study showed that
untransduced MSCs did not achieve any anti-tumor effects
by themselves. The growth suppressing activity of trans-
duced MSCs was thus attributable to IL-28A since the
suppression was dependent on cell numbers of IL-28-
transduced but not on S-galactosidase-transduced MSCs.
A property of expressed transgene products is also crucial
for therapeutic efficacy of MSCs-mediated gene delivery.
For example, IL-28A not only induces tumor cell death
through apoptosis but activates inmate and acquired im-
munity through augmented natural killer activities and
facilitated antigen presentation [12,14-17]. Moreover,
IL-28A in vivo influences and modulates tumor micro-
environments such as inhibition of angiogenesis, which
can be mediated by other cytokines [13].
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BALB/c nu/nu mice at the ratios indicated. Average tumor volumes and SE bars are shown (n=6).
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Recently, several reports demonstrated anti-tumor ef-
fects produced by MSCs-mediated delivery of replication-
competent Ad into tumors [28,29] and a clinical research
revealed benefits of such autologous MSCs in neuroblast-
oma patients [30]. Tumor cells were initially used for cell-
mediated delivery of replication-competent Ad [31] since
tumor cells well supported Ad replication compared with
non-transformed cells. MSCs may not be effective in the
light of production of progenitor Ad because of the low
proliferation rate. We examined the promoter activity of
transcriptional regulatory regions which activated the Ad
EIA gene and subsequently enabled Ad replication-
competent within tumors [32-34]. The COX-2 region gave
greater activities than the midkine or the survivin region.
Expression levels of midkine and survivin in adult tissues
are often associated with proliferation rates of cells [35]
and relatively low promoter activities of these regions
could reflect the low growth rates of MSCs. Instead,
COX-2 expression can be liked with inflammatory re-
sponses [36,37]. Elevated promoter activity of the COX-2
region in MSCs may be related to MSCs’ propensity to
migrate toward inflammatory sites. Nevertheless, a pro-
moter activity of the COX-2 region was much lower than
that of the CMV promoter which is commonly used to ac-
tivate a transgene in replication-incompetent Ad. These
data suggest that MSCs are a suitable cell-mediate vehicle
for CMV promoter-driven replication-incompetent Ad ra-
ther than for replication-competent Ad in which the E1A
is activated by an exogenous transcriptional regulatory
region.

Conclusions

We demonstrated anti-tumor effects of MSCs-mediated
delivery of IL-28A to lung carcinoma cells in the vicinity.
A local administration of gene-modified MSCs can de-
liver the gene product to targets and is one of the cell
therapies for cancer. AdF35 is a better vector than con-
ventional type 5 Ad in transducing MSCs because of its
enhanced infectivity. Immune responses against gene-
modified MSCs are less significant as long as MSCs are
autologously isolated. Nevertheless, when MSCs are in-
fected with replication-competent Ad, cell-mediated im-
munity against viral gene-loaded MSCs will be generated.
Further investigations are required for the cell-mediated
immunity in the light of Ad-loaded MSCs and for the
strategy to evade host immunity such as use of immuno-
suppressive agents.
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Zoledronic acid induces apoptosis and S-phase arrest
in mesothelioma through inhibiting Rab family proteins
and topoisomerase Il actions

S Okamoto™?, Y Jiang™*, K Kawamura', M Shingyoji*, Y Tada? | Sekine®, Y Takiguchi®, K Tatsumi?, H Kobayashi®, H Shimada’,
K Hiroshima® and M Tagawa*"*

Zoledronic acid (ZOL), a nitrogen-containing bisphosphonate, produced anti-tumor effects through apoptosis induction or
S-phase arrest depending on human mesothelioma cells tested. An addition of isoprenoid, geranylgeraniol but not farnesol,
negated these ZOL-induced effects, indicating that the ZOL-mediated effects were attributable to depletion of geranylgeranyl
pyrophosphates which were substrates for prenylation processes of small guanine-nucleotide-binding regulatory proteins
(small G proteins). ZOL-treated cells decreased a ratio of membrane to cytoplasmic fractions in RhoA, Cdc42 and Rab6 but less
significantly Rac1 proteins, indicating that these proteins were possible targets for ZOL-induced actions. We further analyzed
which small G proteins were responsible for the three ZOL-induced effects, caspase-mediated apoptosis, S-phase arrest and
morphological changes, using inhibitors for respective small G proteins and siRNA for Cdc42. ZOL-induced apoptosis is due to
insufficient prenylation of Rab proteins because an inhibitor of geranlygeranyl transferase Il that was specific for Rab family
proteins prenylation, but not others inhibitors, activated the same apoptotic pathways that ZOL did. ZOL suppressed an
endogenous topoisomerase Il activity, which was associated with apoptosis and S-phase arrest in respective cells because we
detected the same cell cycle changes in etoposide-treated cells. Inhibitors for geranlygeranyl transferase | and for RhoA produced
morphological changes and disrupted actin fiber structures, both of which were similar to those by ZOL treatments. These data
demonstrated that anti-tumor effects by ZOL were atiributable to inhibited functions of respective small G proteins and
topoisomerase Il activity, and suggested that cellular factors were involved in the differential cell cycle changes.

Cell Death and Disease (2014) 5, e1517; doi:10.1038/cddis.2014.475; published online 13 November 2014

Bisphosphonates (BPs), synthetic analogues of pyropho-
sphates, are clinically in use for diseases with excessive bone
absorption such as osteoporosis and malignancy-associated
hypercalcemia. BPs administered in vivo are accumulated in
the bone matrix and inhibit activities of osteoclasts.! The first
generation of BPs, without nitrogen in the structure, is
converted into cytotoxic non-hydrolyzable ATP analogues
and achieves cytotoxic effects thorough decreased mitochon-
drial membrane potentials.?® The second and the third
generations, containing nitrogen, inhibit farnesyl pyropho-
sphate synthetase, a key enzyme in the mevalonate path-
ways, and deplete isoprenoid pools, which subsequently
results in decreased prenylation of small guanine-
nucleotide-binding regulatory proteins (small G proteins)
(Supplementary Figure S1).*

Isoprenoid lipids, farnesyl pyrophosphate and geranylger-
anyl pyrophosphate, are substrates for prenylation processes
that mediate farnesylation and geranylgeranylation of small G

proteins, respectively.>® Ras family proteins are either
farnesylated by farnsyl transferase or geranylgeranylated by
geranylgeranyl transferase I. In contrast, the majority of Rho
family proteins and Rab family proteins are geranylgerany-
lated by geranylgeranyl transferase | and Il, respectively.
These lipid modifications are essential for most of small G
proteins to bind to cytoplasmic and organelle membranes
where prenylated small G proteins become functional,
whereas unprenylated small G proteins remain in the
cytoplasm and non-functional.’

The nitrogen-containing BPs (N-BPs) also induce cytotoxi-
city to osteoclasts, which is favorable for enhanced bone
mineralization, and recent studies also showed that N-BPs
had cytotoxic activities on tumors such as breast and prostate
cancer.”® These cytotoxic actions are attributable to a number
of mechanisms including apoptosis induction and anti-
angiogenesis,”'° but it is not well investigated as to which
small G proteins produce the cytotoxic effects.
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We recently showed that zoledronic acid (ZOL), which is
one of the N-BPs to inhibit farnesyl pyrophosphate synthetase,
produced cytotoxic activities to human mesothelioma.”” ZOL
treatments induced apoptotic cell death or S-phase arrest in
cell cycle, and moreover caused morphological changes from
fibroblast-like to spherical shapes. In the present study, we
examined what kinds of small G proteins are responsible to
these ZOL-mediated effects using inhibitors or small interfer-
ing RNA (siRNA) for the respective small G proteins and for
prenylating enzymes.

Results

ZOL induced apoptosis and S-phase arrest. We exam-
ined ZOL-mediated anti-tumor effects in human mesothe-
lioma cells (Figure 1). Proliferation of four kinds of human
mesothelioma cells was suppressed with ZOL treatments
(Figure 1a). Cell cycle analyses demonstrated that ZOL
increased sub-G1 fractions in MSTO-211H cells, S-phase
populations in EHMES-10 cells, and both sub-G1 and

S-phase populations in EHMES-1 and JMN-1B cells
(Figure 1b). We therefore used MSTO-211H and
EHMES-10 cells in further experiments as representative
cells that showed increased sub-G1 and S-phase popula-
tions, respectively. We then examined signal pathways
leading to cell death in MSTO-211H cells (Figure 1c). ZOL
treatments decreased . expression levels of Mcl-1 and
phosphorylated Akt, but increased cleavages of caspase-9,
-3 and poly (ADP-ribose) polymerase (PARP). In contrast,
ZOL treatments minimally influenced these expression levels
in EHMES-10 cells. We also showed that ZOL activated
caspase-3, -7, -8 and -9 in MSTO-211H cells (Figure 1d).
These data collectively indicated that ZOL induced apoptosis
through caspase activations in MSTO-211H, whereas
EHMES-10 cells were resistant to the apoptotic signals.
ZOL-treated MSTO-211H cells showed dephosphorylation of
pRb greater than untreated cells, but phosphorylated levels of
pRb were maintained in ZOL-treated EHMES-10 cells
compared with those of untreated cells.
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Figure1 ZOL-mediated apoptosis and S-phase arrest through isoprenoid depletion. (a) Viability of cells treated with ZOL was measured with WSTassay. The relative viability
was calculated based on values of untreated cells as 100%. S.E. bars are shown (n=3). (b and ¢) Cells treated with different concentrations of ZOL were subjected to cell cycle
(b) or western blot analyses with actin as the loading control (c). (d and f) Caspase activities in MSTO-211H cells treated with ZOL for 72 h (d) and with ZOL and/or GGOH for 48 h (f).
The relative activity was expressed as a percentage of the untreated case. S.E. bars are shown (n=3). (e and g) Cells treated with agents as indicated for 48 h (MSTO-211H
cells) or 72 h (EHMES-10 cells) and were subjected to western blot (e) or cell cycle analyses (g). Ras with high (arrow) and low (dotted arrow) molecular weights corresponds to
unprenylated and prenylated forms, respectively. Actin is used as the control (). (h) Lysates of cells treated with 50 M ZOL were separated into cytoplasm (c) or membrane (m)
fraction and then probed with respective antibodies as indicated. (i) Differential ratios between cytoplasm and membrane fractions detected in western blot analyses (h). The

intensity was determined with an imaging analyzer
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Geranylgeranyl pyrophosphate inhibited ZOL-mediated
apoptosis and S-phase arrest. We investigated the invol-
vement of farnesylation or geranylgeranylation in the ZOL-
induced apoptosis and S-phase arrest. We examined an
effect caused by addition of farnesol (FOH) and geranylger-
aniol (GGOH), which were converted into farnesyl pyropho-
sphate and geranylgeranyl pyrophosphate, respectively, to
determine ZOL’s targets among small G proteins. A supple-
mentary use of GGOH in MSTO-211H cells reduced
ZOL-mediated downregulation of Mcl-1 expression, depho-
sphorylation levels of pRb and Akt, and cleavages of
caspase-9, -3 and PARP (Figure 1e). Moreover, GGOH
treatments inhibited ZOL-mediated activation of caspases
(Figure 1f) and increase of sub-G1 fractions (Figure 1g).
These data indicated that ZOL induced apoptosis through
caspase activations. In contrast, FOH supplements did not
influence these ZOL-mediated effects in MSTO-211H cells
(Figures 1e and g). ZOL-induced S-phase arrest and
phosphorylation of pRb in EHMES-10 cells were also
inhibited with GGOH but not with FOH. These data
demonstrated that ZOL-mediated apoptosis and S-phase
arrest were attributed to reduced functions of geranylger-
anylated but not farnesylated small G proteins. Western blot
studies showed that ZOL-mediated unprenylation of Rap1A
proteins was blocked with GGOH but not FOH administra-
tions in both MSTO-211H and EHMES-10 cells (Figure 1e).
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On the other hand, the prenylation status of Ras proteins was
differently modulated with ZOL and additional FOH or GGOH,
and was not correlated with ZOL-mediated effects. Prenyla-
tion of Ras proteins was suppressed by ZOL and further
inhibited by additional GGOH in MSTO-211H cells, whereas
FOH rather augmented prenylation. The Ras prenylation in
EHMES-10 cells remained unchanged with ZOL and with
additional FOH treatments, but slightly inhibited by GGOH.
These data collectively showed that Ras proteins were not
responsible molecules in the ZOL-mediated effects.

ZOL-induced cellular localization of small G proteins. We
examined what kinds of small G proteins were unprenylated
with ZOL treatments by testing the cellular distributions
because some of antibodies specific to the unprenylated form
was unavailable. Fractionated cytoplasmic and membrane
portions were examined for the expressions of RhoA, Raci
and Cdc42, belonging to the Rho family, and Rab8, one of the
Rab family proteins (Figures 1h and i). ZOL treatments
increased cytoplasmic distribution of RhoA, Cdc42, Rab6 and
less significantly Raci in both of MSTO-211H and
EHMES-10 cells. ZOL inhibited the translocation of Ras
proteins from cytoplasm to membrane in MSTO-211H cells
but did not influence the Ras distribution in EHMES-10 cells.
These data indicated that ZOL suppressed membrane
localization of small G proteins because of increased

MSTO-211H

oy
=1
=

P-pRb (Sr795) = —

B
S
S

P-Akt (Serd73) -

e e

2
=3

Mol ————————

- W
=3
=3

Caspase-3/7 activity (%)
3
=3

Cleaved caspase-9

0

Cleaved caspase-3
GGOH (pM)
e et e s e

PARP
Cleaved PARP -

25

0
FOH (ud) -
GGOH (M)
ZOL (M)

h

- 50 50 50 - 10 10 10

MSTO-211H
= ZOL
Time (k) 24 72 24 48 72
Fraction CM CM CM CMCM

EHMES-10
= ZOL
24 72 24 48 72
CMCMCMCMCM

ZOL (M) -

o W
s o &
S &8 3

w
=

Caspase-9 activity (%)

=
&
&
E
B
g
<
3
&
-
H
£
&
18]

0O Membrane fraction
MSTO-211H

30

w
e

30 30

10 10 10

m Cytoplasm fraction

24 72 24 48 T2
ZOL

24 2 24 8 12

ZOoL

Ras ~em en e as  «I0
RhoA ~~sw—ecam @9~ — -
Cdcd2 Tneme - -

RACT e e e e O e e -

-— eam e e i
CeememenEp - @D~
ey

— e e e

Rabf e

Actin = —

Figure 1 Continued

24 72 24 48 T2
ZoL

242 4 8 T2
ZoL -

0¥
Time (h) 24 72 24 48 72
ZOL

24 72 24 483 T2
ZOoL

[3%)

Cell Death and Disease



