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Fig. 2. Relative luciferase activity in eight luciferase
complementation pairs. The optimized pair (black bar) found
was for the following combinations: (A) ILK and ParvB, (B)
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of Aktl with ParvB was much greater than that derived from the
association of Akt1 with ILK, suggesting the preferential interaction
of Aktl with ParvB rather than ILK under living cell conditions.
Maximum luminescent levels derived from the association of Akt1
with ParvB were in the range 800-1600 counts/pixels (50- to 100-
fold higher than that observed for Aktl and ILK). Kinetic analysis

30

Relative Luciferase Activity
(Fold change)

“ 50 [LK and PINCHI, (C) ILK and Aktl, (D) ParvB and Aktl.

Numbers in parentheses represent the same four types of
plasmids as in Fig. 1B.

of Akt1-ILK complex formation showed an upward-bulging curve,
with maximum luminescence levels being observed for 40-50
minutes following the addition of D-luciferin. Control expression
using intact luciferase reached a peak immediately following the
addition of D-luciferin (supplementary material Fig. S2). These
results indicate that real-time complementary imaging can reveal
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characteristics unique to each target protein-protein interaction, in
this case suggesting that ParvB might be an important connecting
molecule in the ILK-Akt/PKB signaling pathway.

Functional complementation imaging demonstrated
ParvB-Akt1 interaction following serum stimulation

In an effort to glean insight into the role of ParvB, we set out to
determine whether the ParvB-Aktl interaction was modified
following serum-triggered induction. As depicted in Fig. 4A.
representative pseudo-color images based on the split luciferase
system revealed that photon flux derived from the interaction of
ParvB with Aktl increased under serum-rich conditions and
diminished under serum-starved conditions or in the presence of a
PI3K inhibitor. Consistent with these findings were the results
obtained when investigating the kinetics of the ParvB-Aktl
interaction under serum-starved conditions or in the presence of a
PI3K inhibitor with serum at l-minute intervals following the
addition of D-luciferin (Fig. 4B-D). The kinetic curves were
logarithmic in shape. Maximum photon flux for the ParvB-Aktl
interaction for each condition was observed 20-40 minutes following
serum stimulation. Serum-rich treatment increased photon flux
derived from the interaction of ParvB with Aktl (Fig. 4B). PI3K
inhibitors such as LY294002 and wortmannin suppressed serum-
triggered induction (Fig. 4C,D). Employment of a dual-luciferase
assay also demonstrated that luciferase activity arising from the
ParvB-Akil interaction in lysate cells was similar to photon flux
in live cells (Fig. 4E). However, with respect to the ILK-Aktl
interaction and a control plasmid encoding full-length firefly
luciferase. there was no significant change in luciferase activity
under serum-starved or PI3K inhibitor conditions with serum
(supplementary material Fig. S3A,B). These results demonstrate that
serum stimulation increases photon flux derived from the interaction
of ParvB with Aktl, suggesting that PI3K inhibitors attenuate the
serum-stimulated interaction between ParvB and Aktl.

Interaction between ILK and Akt1 is affected by ParvB
mRNA levels

Because ILK-dependent phosphorylation is regulated by PI3K, it
is possible that the inhibition of PI3K activity decreases ILK activity,
which subsequently impairs the phosphorylation of putative ILK
substrates (Delcommenne et al., 1998). One reliable marker that
relates to ILK activity concems the phosphorylation levels of
Akt/PKB (Legate et al., 2006). Given the preferential association
of ParvB with Aktl. we set out to determine whether ParvB levels
regulate the interaction between ILK and Aktl. NIH3T3 cells were
transfected with a reporter plasmid encoding the optimal split-
luciferase complementation pair ILK-ParvB (Fig. SA) and then
subjected to siRNA-mediated ParvB knockdown. The knockdown
efficiency of two types of mouse ParvB siRNAs (ParvB1 and
ParvB2) is shown in Fig. SB. These siRNAs were transfected into
NIH3T3 cells stably overexpressing the complementation plasmid
pair ILK-ParvB (see Fig. 5A) and the luminescence photon kinetics
were evaluated (Fig. 5B). ParvB knockdown using siRNA decreased
photon emission associated with ILK-ParvB association (siRNA
ParvB2 was able to reduce approximately 50% of the photons
derived from the interaction of ParvB with ILK). We then evaluated
the extent of ILK-Akt1 complex formation with loss of ParvB using
both luciferase complementation imaging and a co-
immunoprecipitation assay. 293T cells were transfected with the
optimal complementation plasmid pair ILK-Aktl and then subjected
to ParvB knockdown using siRNA ParvB2. As depicted in Fig. 5C,
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Fig. 4. Kinetics of luciferase complementation imaging for ParvB-Akt1
complex formation under different conditions. (A) Representative pseudo-
color luminescence images emitted by the interaction between ParvB and Aktl
under either serum-starved conditions or in the presence of PI3K inhibitor

(LY 294002 or wortmannin) 20 minutes following serum stimulation.

(B) Kinetic interaction between ParvB and Aktl under serum-starved
conditions following serum stimulation. 1% FCS versus 1% FCS plus serum.
(C.D) Kinetic interaction between ParvB and Akt1 in the presence of PI3K
inhibitors following serum stimulation: (C) 20 uM LY294002; (D) 10 nM
wortmannin. 1% FCS plus serum versus 1% FCS plus serum plus PI3K
inhibitor. (E) Relative luciferase activity for the interaction between ParvB and
Akt1 20 minutes post-serum stimulation with or without PI3K inhibitors
(LY294002 or wortmannin) All data are presented as a mean + s.d. determined
from the analysis of more than three independent experiments. NS, not
statistically significant, **P<0.01, *P<0.05, ANOVA followed by post hoc
tests or Student’s /-test.

we investigated the kinetics of photons derived from the interaction
of ParvB with Akt1 under ParvB knockdown conditions at 1-minute
intervals following serum stimulation. Interestingly, siRNA ParvB
led to an increase in photon flux associated with the ILK-Aktl
interaction. To provide further evidence showing that ParvB might
regulate the ILK-Akt interaction, we performed a co-
immunoprecipitation assay. 293T cells were transfected with the
luciferase complementation plasmid pair ILK-ParvB (Fig. 5A) and
then subjected to ParvB knockdown using siRNA ParvB2 (Fig. 5B).
Overexpressed ILK and ParvB were precipitated with anti-phospho-
Akt (Ser473) antibodies and precipitates were analyzed by western
blotting using antibodies against ILK, ParvB, total-Akt and phospho-
Akt (Ser473). As shown in Fig. 5D, decreased ParvB protein levels
resulted in increased interaction between ILK and phospho-Akt
(Ser473). These results suggest that ParvB might act as a potential
modulator of the signal transduction associated with the ILK-
Akt/PKB complex.
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ParvB knockdown increased HIF-1 and VEGF-A
expression levels

We showed above that ParvB protein levels regulate the ILK-Akt1
interaction following serum stimulation. It has been demonstrated
that HIF-1o. is an important downstream effector that acts through
the PI3K-Akt/PKB signaling pathway (Jiang et al., 2001).
Furthermore, HIF-la. can regulate the expression of VEGF
(Forsythe et al.. 1996; Liu et al., 1995). In an effort to examine the
effect of ParvB downregulation on downstream targets of the ILK-
Akt signaling pathway, HIF-1o.and VEGF protein expression levels
were investigated following siRNA-mediated ParvB knockdown.
ParvB is ubiquitously expressed, but enriched in heart and skeletal
muscle (Bendig et al., 2006; Sepulveda and Wu, 2006). We
transfected rat ParvB-specific siRNA into rat cardiomyocytes and
confirmed the knockdown effect of ParvB (Fig. 6A). Western blot
analysis demonstrated increased expression levels of endogenous
HIF-1o.and VEGF-A with ParvB knockdown in rat cardiomyocytes.
HIF-1lo. and VEGF-A expression levels were quantified and
statistically analyzed (Fig. 6B.C).

In an effort to further investigate the increase in HIF-10 expression
induced by siRNA ParvB, another reporter plasmid was employed
containing oxygen-dependent degradation (ODD)-luciferase, which
comprises the ODD domain of HIF-1o. fused to luciferase. Because
the stability of HIF-1a. is tightly regulated through the ODD domain
(Harada et al., 2002), luciferase activity associated with the fusion
protein reflects stabilized HIF-1a levels. ODD-luciferase cDNA was
subcloned into the pcDNA3.1 expression plasmid (Fig. 6D) and
transfected into NIH3T3 cells. ODD-luciferase-expressing stable
transformants were obtained following G418 selection. We then
introduced siRNA ParvB1 or ParvB2 into the ODD-luciferase-

Controt _

Fig. 5. Interaction between ILK and Akt1 under
ParvB knockdown conditions. (A) Schematic
representation of one expression vector encoding the
optimal luciferase complementation pair ILK and
ParvB. (B) ParvB knockdown by siRNA-inhibited
luminescence signals in NIH3T3 cells overexpressing
the optimal luciferase complementation pair ILK and
ParvB. Representative pseudo-color images (triplicate)
of a 24-well plate (the upper panel) and its
quantification (the lower panel). (C) 293T cells were
transfected with the optimal luciferase complementation
plasmid pair ILK and Akt1, and then treated with ParvB
siRNA. The graph represents photon-derived kinetics of
the interaction between ILK and Akt1 following serum
stimulation (left panel). Representative pseudo-color
luminescence images (right panel) of a 12-well plate 40
minutes post-stimulation (broken line). (D) The plasmid
encoding the optimal luciferase complementation pair
ILK and ParvB (A) was transfected into 293T cells, and
cells were then treated with ParvB siRNA. Cell lysates
were precipitated (IP) using anti-phospho-Akt (Ser473)
antibodies and control IgG antibody, and then subjected
to western blotting (WB) using anti-ILK, anti-ParvB,
anti-Akt and anti-phospho-Akt (Ser473) antibodies. All
data are presented as a mean % s.d. (**P<0.01, ANOVA
followed by post hoc tests or Student’s -test).

SIRNA SiRNA

ParvB1 ParvB2

expressing NIH3T3 transformants. As shown in Fig. 6E, ParvB
knockdown resulted in a marked increase in the expression of ODD-
luciferase. Moreover, the hypoxia mimetics CoCl, and
desferrioxamine (DFO) also increased ODD-luciferase-derived
photon flux in the NIH3T3 transformants (Fig, 6F). To further confirm
the requirement for ILK in the induction of HIF-1oc stability under
loss of ParvB, both siRNA ParvB1 and siRNA ILK were introduced
into ODD-luciferase-expressing NIH3T3 transformants. As shown
in Fig. 6G, knockdown using both ParvB and ILK did not increase
ODD-luciferase-derived photon flux in the NIH3T3 transformants
(Fig. 6G).

Taken together, these results indicate that decreased levels of
ParvB stabilize HIF-lovin the presence of ILK, suggesting that
ParvB downregulation might mimic hypoxic conditions through the
ILK-Akt/PKB signaling pathway.

Discussion

Complementation strategies using an imaging probe with
appropriate protein reconstitution enable visualization of steady-
state complexes formed between protein pairs. One of the benefits
associated with the use of these techniques is the exclusion of certain
secondary effects or potential artifacts caused by cell lysis
(Kerppola, 2006a; Kerppola, 2006b). Of the available
complementation ~strategies, luciferase-based luminescence
complementation imaging can be employed as a facile and broadly
applicable approach (Luker et al., 2004). In this study, we
demonstrated two complementary methods employing fluorescent
or luminescent protein probes. Both imaging methods required that
eight combinations of reporter plasmids be examined to determine
optimal signal gain from the target protein-protein interaction.
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Fig. 6. Stabilization of HIF-1 and increased
expression of VEGF-A under loss of ParvB.

(A) Quantitative real-time RT-PCR for ParvB in rat
cardiomyocytes following treatment with rat ParvB-
specific siRNA. (B) siRNA-mediated ParvB knockdown
increased protein expression levels of HIF-1o and VEGF-
A in cardiomyocytes following serum stimulation.

(C) Quantitative analysis (using ImageJ software) of
endogenous HIF-1a (left panel) and VEGF-A (right panel)
expression levels from the siRNA-mediated ParvB
knockdown experiments shown in B. (D) Schematic
representation of the reporter plasmid construct encoding a
fusion protein, ODD-luciferase, which comprises part of
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Although fluorescence complementation enabled visual observation
of the actual protein interactions, it might not necessarily allow
comparison of protein-protein interactions in living cells under the
microscope. By contrast, luminescence complementation enables
comparison of even weak protein interactions under almost real-
time conditions by quantifying luminescent signals with a high
signal-to-noise ratio. Furthermore, employment of the luciferase
complementation strategy allows the observation of rapid changes
in target protein interactions in subcellular compartments under
various conditions. In fact, our extensive complementary studies
demonstrated that ParvB preferentially binds to Aktl rather than
[LK under living cell conditions. Moreover, luciferase
complementation imaging revealed that real-time changes in photon-
based kinetics associated with the ParvB-Aktl interaction were
consistent with results obtained following the use of extracellular
stimuli, such as growth factors and associated signal inhibitors.
Thus, employing the complementation strategy with appropriate
probes could provide unique findings that reflect real-time cellular
responses to external stimuli. Based on the current studies,
employment of functional molecular imaging using complementary
methods promises to be a beneficial strategy for the exploration of
molecular mechanisms pertaining to signal transduction.

The ILK-associated protein complex is profoundly involved in
altering the flux of the PI3K-Akt/PKB signaling pathway (see Fig.
7). ILK-dependent phosphorylation is regulated in a PI3K-dependent
manner. PI3K inhibitors reduce ILK activity and impair the
phosphorylation of putative ILK substrates in cell culture

40 the ODD domain of HIF-1a fused to luciferase (Harada et
al., 2002). (E) siRNA-mediated ParvB knockdown
increased photon count in NIH3T3 cells overexpressing
ODD-luciferase. (F) Hypoxia mimetics CoCl; (100 uM)
and DFO (20 uM) increased luminescent signals in
NIH3T3 cells overexpressing ODD-luciferase.

(G) Double-knockdown using ParvB- and ILK-specific
siRNAs did not increase ODD-luciferase-derived photons
in the NIH3T3 transformants. All data are presented as a
mean + s.d. determined from the analysis of more than
three independent experiments (¥*P<0.01, *P<0.05,
ANOVA followed by post hoc tests or Student’s r-test).

(Delcommenne et al., 1998). ParvB is a binding partner of ILK and
the CH2 domain of ParvB is phosphorylated by ILK. These findings
suggest that ParvB probably plays a role in actin cytoskeleton
remodeling and cell spreading with its binding partners, o-actinin
and oPIX (Mongroo et al., 2004; Yamaji et al., 2004; Yamaji et al.,
2001). One new finding in our study showed that the real-time photon-
based kinetics of the ParvB-Akt interaction correlated with results
obtained following the use of extracellular stimuli, such as the
presence of serum with or without PI3K inhibitors (Fig. 4). Moreover,
decreased levels of ParvB protein were associated with a marked
increase in photons derived from the ILK-Akt interaction (Fig. 5C,D).
Although the interaction between ParvB and Akt had not been
reported before this study, ParvB might cooperate with Akt and play
a regulatory role in ILK-Akt complex formation (Fig. 7).

The role of ParvB in relation to Akt/PKB downstream effectors
had not previously been sufficiently addressed. In this study, we
demonstrated that siRNA-mediated ParvB knockdown increased HIF-
lo. and VEGF expression in rat cardiomyocytes (Fig. 6B,C). In
particular, we showed that the phenomenon was correlated with HIF-
lo stabilization. In our luciferase-based real-time imaging, ODD-
luciferase expression levels increased with siRNA-mediated ParvB
knockdown, firmly supporting the notion of HIF- 1 stabilization (Fig.
6E). Furthermore, the hypoxia mimetics CoCl; (100 pM) and DFO
(20 pM) increased luminescent signals in ODD-luciferase-
overexpressing NIH3T3 cells. The effect of ParvB knockdown was
the same as that of hypoxia mimetic agents. However, knockdown
using both ParvB and ILK siRNAs did not increase luminescent
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signals in ODD-luciferase-overexpressing NIH3T3 cells (Fig. 6G).
These results suggest that ParvB expression levels potentially control
HIF-1a levels in the presence of ILK and that HIF-1a levels
subsequently alter the expression of target genes such as VEGF-A.
Taken together with the results presented here, one possible scenario
can be outlined (Fig. 7): growth factors trigger ILK-Akt/PKB
signaling activation and consequently ParvB could be phosphorylated
by activated ILK, leading to increased interaction between ParvB
and Akt. In the normal and physiological state, ParvB might act as
a modulator to prevent the transmission of excess signals, such as
those derived from growth factors, in the ILK-Akt/PKB signaling
cascade (Fig. 7A). However, without regulation of ParvB, excess
signals might be transmitted in an uncontrolled manner to downstream
targets such as HIF1-o or VEGF (Fig. 7B). The notion of ParvB
acting as a modulator might be supported by the finding that ParvB
is downregulated in breast cancer (Mongroo et al., 2004).

With respect to the role of ParvB in ILK-Akt/PKB-HIF-la
signaling, it has been demonstrated that loss of ParvB expression
upregulates ILK activity in tumors (Mongroo et al., 2004) and that
ILK activation triggers a cascade of Akt/PKB phosphorylation events
in tumor cells (Majumder et al., 2004). Because it has been reported
that transcriptional responses to Akt/PKB activation are involved in
the mTOR-dependent regulation of HIF-1ot in an Akt-driven prostate
intraepithelial tumor, ParvB might be involved in HIF-1co stabilization
via ILK-Akt/PKB signaling in tumor cells. Thus, it is believed that
our results are consistent with the role of ParvB in tumor cells.

Although further investigations might be necessary given these
findings, employment of the complementary protein imaging
strategy enabled the visualization and quantification of protein-
protein interactions. This approach allowed the detection of real-
time alterations in ILK-Akt signaling under conditions involving
extracellular stimulation of living cells. These compelling data
demonstrate that ParvB plays a regulatory role in ILK-Akt/PKB-
HIFo signaling.

Materials and Methods

cDNAs and plasmid construction

For the isolation of ILK, ParvB, PINCH|1 and Aktl cDNA (GenBank accession numbers:
NP_034692,NM_133167, NM_026148 and NM_009652, respectively). total RNA was
extracted from the heart of BALB/c mice using ISOGEN (Nippon Gene, Tokyo. Japan)
following the manufacturer’s instructions. 1 pg of total RNA was reverse transcribed
using random hexanucleotide primers and SuperScript III (Invitrogen Carlsbad, CA)
according to the manufacturer’s instructions. The entire coding sequence of these cDNAs
was amplified by PCR using appropriate cloning primers (supplementary material Table
S1). PCR was performed using EX Taq polymerase (Takara Bio, Otsu, Japan) as follows:
94°C for 2 minutes, 59°C for | minute, 72°C for 2 minutes, followed by 30 cycles of

Transcnption factor ~ HIF-1

Target gene expression VEGF

Angiogenesis

ParvB in the ILK-Akt/PKB signaling pathway.
4 (A) The normal and physiological state. ParvB might
H act as a modulator to prevent the transmission of
excess signals. (B) The ParvB-depleted state. Without
regulation of ParvB, excess signals might be
transmitted in an uncontrolled manner to downstream
targets.

& Nucleus

94°C for 30 seconds. 62°C for 30 seconds and 72°C for | minute, with a final extension
step at 72°C for 5 minutes. PCR products were cloned into 2.1 TOPO vector (Invitrogen,
Carlsbad, CA). To detect KG fluorescent signals formed by the protein-protein
interactions. ILK, ParvB. PINCHI and Akt] cDNAs were subcloned into phmKGN-
MC, phmKGC-MC. phmKGN-MN and phmKGC-MN plasmids of the Fluo-chase kit
(Medical & Biological Laboratories, Woburn, MA), which included the Kozak
consensus sequence.

For the split firefly luciferase complementation assay. optimal pairs of N- and C-
terminal cDNA fragments were amplified by PCR from pGL4.10 plasmid DNA
(Promega, Madison, WI). The N- or C-terminal cDNA fragment was inserted into
the pcDNA3. | expression vector (Invitrogen). ILK. ParvB, PINCH1 and Akt] cDNAs
were fused in-frame to the N-terminal luciferase fragment (NLuc) or the C-terminal
luciferase fragment (CLuc) containing a linker sequence.

Both ParvB cDNA fragments comprising N-terminal CLuc (CLuc-linker-ParvB)
and LK with N-terminal NLuc (NLuc-linker-ILK) were inserted into the pILES2-
EGFP expression vector (Clontech Laboratories, Palo Alto, CA). An intemal
ribosomal entry site (IRES) sequence was inserted upstream of the start site of the
NLuc-linker-ILK cDNA.

All PCR primer sequences for cDNA cloning and subcloning are shown in
supplementary material Table S1.

Cell culture and transfection

NIH3T3 and 293T cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM: Sigma Chemical Co., St Louis, MO) supplemented with 10% heat-
inactivated fetal calf serum (FCS). 1 mM sodium pyruvate, 10 mM HEPES buffer,
2 mM glutamine, 100 units/ml penicillin G and 100 pg/ml streptomycin sulfate. Hearts
from Wistar rat neonates were removed under a microscope, minced and digested
four times at 37°C using a mixture of | mg/ml collagenase ( Worthington Biochemical
Co, Lakewood, NJ) and Hank’s solution. Cardiac cells were neutralized and washed
by low-speed centrifugation in 10% FCS-DMEM. After enzymatic digestion of their
tissues, a cardiomyocyte fraction was prepared by Percoll gradient centrifugation
(GE Healthcare). Cardiomyocytes were plated on wells pre-incubated with FCS.

Transient transfection was performed with an 80% confluent cell culture of 293T
and NIH3T3 cells using Lipofectamine 2000 or Lipofectamine LTX (Invitrogen)
according to the manufacturer s instructions. For serum stimulation, transfected cells
were serum starved in 1% FCS for 18-20 hours and followed by FCS addition
immediately before the assay. For PI3K inhibition, cells were pretreated with
LY294002 (Sigma) or wortmannin (Sigma) at the concentration specified in the figure
legends for 2 hours before the assay.

For the isolation of stable transformants that express the optimal complementation
pair ILK and ParvB with EGFP (see Fig. 5A) and ODD-luciferase (Harada et al,
2002) (see Fig. 6D), NTH3T3 cells were grown in 10% FCS-DMEM containing 1000
pg/ml G418 at 2 days post-transfection. Following 21 days of G418 selection,
neomycin-resistant colonies were isolated.

For the siRNA experiments, ParvB-specific siRNA duplexes, ILK-specific siRNA
duplexes and an unrelated siRNA duplex as a control were purchased from Invitrogen.
The siRNA transfection was performed using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. The final siRNA concentration was 20-
40 nM.

Complementation imaging assay

The fluorescence complementation assay was performed using the Fluo-chase Kit
(Medical & Biological Laboratories). 293T cells were co-transfected using the split-
mKG vector system according to the manufacturer’s instructions. Cells were inspected
and photographed at 36-48 hours post-transfection using a fluorescent microscope
equipped with a UV light source (excitation 470-495 nm; emission 510-550 nm).
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For the luciferase-based complementation imaging, firefly luciferase cDNA was
split into two fragments. 293T cells were co-transfected with the appropriate eight
pairs of constructed plasmids (see Fig. 1C). Cells were plated and then transiently
co-transfected with the appropriate pairs of plasmids using Lipofectamine 2000
(Invitrogen). At 36-40 hours after transfection, photon flux from the cells was
measured using the NightOWL imager at 1-minute intervals following the addition
of D-luciferin (potassium salt; Biosynth, Postfach, Switzerland). Cells were also
assayed at 36-40 hours following transfection using the dual-luciterase reporter assay
system (Promega) according to the manufacturer’s instructions.

Immunoprecipitation and western blotting

293T cells were transfected with the constructed plasmid encoding the optimal
luciferase complementation plasmid ILK-ParvB. Cells were lysed with a lysis buffer
(1% Triton X in 50 mM HEPES, pH 7.4, containing 150 mM NaCl. 1 mM Na;VO,,
50 mM NaF and protease inhibitors). Cell lysates were incubated overnight at 4°C
with anti-phospho-Akt (Ser473) antibodies (Cell Si gnaling Technology. Beverly, MA)
and then mixed with protein-G agarose beads (GE Healthcare, Piscataway. NJ).
Precipitates were washed four times and then subjected to western blotting.

For western blot analysis. cells were lysed 2-3 days following transfection with a
lysis buffer (50 mM Tris-HCI, pH 7.4. 1% NP-40. 0.25% sodium deoxycholate. 0.1%
SDS. 150 mM NaCl, | mM EDTA, | mM Na3VOs, | mM NaF and protease
inhibitors). Cell lysates were subjected to 5-20% SDS-PAGE and then transferred
onto polyvinylidene difluoride membranes. Blots were blocked using 2% bovine serum
albumin (Sigma) or 5% ECL blocking agent (GE Healthcare) in TBST buffer (20
mM Tris-HCI, 150 mM NaCl and 0.1% Tween 20). Membranes were then incubated
overnight at 4°C with target primary antibodies in the blocking buffer at a dilution
recommended by the manufacturer [phospho-Akt (Ser473), Akt and ILK: Cell
Signaling Technology, Beverly. MA; HIF-1a: Chemicon. Temecula, CA; VEGF-A:
Immuno-Biological Laboratories Co, Gunma, Japan; luciferase: Promega; ParvB and
GAPDH: Santa Cruz Biotechnology Inc. Santa Cruz, CA]. Membranes were washed
extensively in TBST buffer and then incubated with Clean-Blot IP Detection Reagent
HRP (Thermo Fisher Scientific Inc., Rockford, IL), anti-rabbit 1gG (Cell Signaling
Technology). anti-goat [gG (Santa Cruz Biotechnology) or protein A (Bio-Rad.
Hercules, CA) for | hour in TBST buffer. Membranes were finally washed with TBST
buffer and signals were visualized using ECL plus (GE Healthcare).

Expression and purification of recombinant proteins

The ParvB fragment generated by PCR was cloned between the BamHI and EcoRI
restriction sites of pGEX-6P-1 (GE Healthcare). GST-ParvB and GST were expressed
in Escherichia coli BL21 (DE3) and purified using GST Bind Kits (Novagen,
Darmstadt, Germany) according to the manufacturer’s instructions.

GST pull-down assay

For the pull-down assay. 5 pg of either GST or GST-ParvB mixed with | pg His-
tagged Akt1 (Invitrogen) were bound to glutathione-coated agarose beads in 500 pl
of binding buffer (150 mM NaCl, 50 mM HEPES. 0.1% NP-40, pH 74, 1 mM
dithiotreitol) for 2 hours at 4°C. Bound proteins were washed three times and eluted
with SDS sample buffer. separated by SDS-PAGE, and detected by western blotting
and Coomassie brilliant blue (CBB) staining.

Quantitative real-time RT-PCR

Total RNA was isolated using ISOGEN (Nippon Gene Co.) according to the
manufacturer’s instructions. 1 pg of total RNA was reverse transcribed with oligo-
dT primers using SuperScript III (Invitrogen) according to the manufacturer’s
instructions. ParvB gene expression was quantified using iQ SYBR Green Supermix
(Bio-Rad). Each assay was performed in triplicate. ParvB transcript levels were
determined as expression levels relative to 18S rRNA. The following primers were
used: rat ParvB, 5'-TTGTCCCCCTTCACAACTTC-3' and 5'-GTGTAAAG-
GACCCGCAGAGT-3"; 18S rRNA, 5'-GTAACCCGTTGAACCCCATT-3' and 5'-
CCATCCAATCGGTAGTAGCG-3'. Each experiment was performed three times with
similar results.

Statistics
Comparisons between multiple groups were performed using ANOVA followed by
post hoc tests or Student’s i~test. A P value less than 0.05 was considered significant.
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Abstract

Although intervertebral disc herniation and associated
sciatica is a common disease, its molecular pathogenesis is
not well understood. Immune responses are thought to be
involved. This study provides direct evidence that even non-
degenerated nucleus pulposus (NP) cells elicit immune
responses. An in vitro colony forming inhibition assay
demonstrated the suppressive effects of autologous spleen
cells on NP cells and an in vifro cytotoxicity assay showed
the positive cytotoxic effects of natural killer (NK) cells
and macrophages on NP cells. Non-degenerated rat NP
tissues transplanted into wild type rats and immune-
deficient mice demonstrated a significantly higher NP cell
survival rate in immune-deficient mice. Immuno-
histochemical staining showed the presence of macrophages
and NK cells in the transplanted NP tissues. These results
suggest that even non-degenerated autologous NP cells are
recognized by macrophages and NK cells, which may have
an immunological function in the early phase of disc
herniation. These findings contribute to understanding
resorption and the inflammatory reaction to disc herniation.

Keywords: Nucleus pulposus, immune response,
macrophage, natural killer cell, intervertebral disc,
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Introduction

Resorption of herniated nucleus pulposus (NP) is a
clinically demonstrated phenomenon during intervertebral
disc herniation. In understanding the undefined
pathogenesis of intervertbral disc herniation and sciatica,
clarifying the molecular events that occur in resorption
of NP is important. Nachemson (1969) reported decreased
pH levels within and around a herniated lumbar disc and
speculated that sciatica was caused by an inflammatory
reaction surrounding the nerve root. Subsequently, various
inflammatory chemical factors secreted from herniated
NP, including tumor necrosis factor (TNF)-ot (Weiler er
al., 2005; Le Maitre ez al., 2007), interleukin (IL)-1p (Le
Maitre et al., 2007) and nitric oxide (NO) (Katsuno et al.,
2008), have been implicated as causes of sciatica
(McCarron et al, 1987; Geiss et al., 2007). Further, the
production of matrix metalloproteinases (MMPs) has been
implicated in the resorption of the herniated NP (Doita et
al., 2001).

Bobechko and Hirsh (1965) and Gertzbein er al.
(1975) reported that herniated NP tissue is recognized as
a foreign antigen that induces an autoimmune response
producing inflammation. Later, immunohistochemical
(IHC) analyses of human herniated discs revealed the
presence of infiltrated T cells (Park er al., 2001),
macrophages (Park et al., 2001; Virri ef al., 2001), and
antigen-antibody complexes in the NP (Satoh ef al., 1999).
An invitro co-culture model of macrophages and NP cells
also showed the infiltration of macrophages and a
decreased wet weight of the NP (Haro ez al., 2000). The
expression of IL-6, -8, -12, and interferon (IFN)-y suggests
Thl lymphocyte activation (Kang er al., 1996; Burke ef
al., 2002; Park et al., 2002). Geiss e al. placed autologous
porcine NP in subcutaneous titanium chambers and
observed the infiltration of activated T and B cells (Geiss
et al., 2007), including IL-4-producing Th2 cells and 3
T cells (Geiss et al., 2008). These results indicate both
innate and acquired immune responses to the NP. Other
studies (Park er al., 2001; Jones et al., 2008), however,
have reported that NP cells undergo apoptosis and are
phagocytised by macrophages without an immune
response. lkeda er al. (1996) investigated infiltrated cells
consisting of macrophages and a small number of T cells,
and proposed that extruded or sequestrated disc material
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has the potential to be absorbed by phagocytes. It remains
unclear from these reports whether immune responses are
truly involved in disc herniation, and if so, which immune
cells initiate the immune response.

In order to investigate whether an immune response is
involved in disc herniation, fundamental research on NP
cells and the immune system is required. The purpose of
this study is to clarify the immune response to autologous
NP cells and to identify the specific immune cells that
initiate an immune response by using in vivo and in vitro
rat models to assess the survival of NP cells exposed to
immune system cells.

Materials and Methods

In vitro studies

Preparation of rat-tail NP cells. Male Sprague-Dawley
(SD) rats (Nihon Charles River Co., Kanagawa, Japan)
aged 10-12 weeks, were used for the colony forming
inhibition assay (CFI), and male Lewis rats (Nihon Charles
River) aged 10-12 weeks were used for the cytotoxicity
assay. Following sacrifice, NP tissues were dissected from
the whole tail and digested in 0.05% trypsin-ethylene
diamine tetraacetic acid (EDTA; Gibco, Grand Island, NY,
USA) for 15 minutes. The digestate was washed, passed
through a 100 wm mesh cell strainer, the NP cells were
collected by mild centrifugation (500Gx4min). These
experiments were approved by the Animal Research
Committee of Tokai University (071095) and conducted
according to the guidelines for animal experiments.

Preparation of spleen cells. Autologous spleen cells were
used as effector cells for the CFl assay and isogenous
spleen cells were used for the cytotoxicity assay. Briefly,
the spleens were removed, mashed and passed through a
100 pm mesh cell strainer. Red blood cells were
haemolysed using 0.8% NH.CL. The spleen cells were
collected by mild centrifugation (500Gx4min). The spleen
cells (107cells/ml) were then incubated in RPMI-1640
medium (Invitrogen, Grand Island, NY, USA) with 15%
foetal bovine serum (FBS, Qualified FBS, Invitrogen) at
37°C for five hours with IL-2 (60 1U/ml; Imunase,
Shionogi, Osaka, Japan ).

Purification of T cells, natural killer (NK) cells and
macrophages. For cytotoxicity assays, more than 10* of
the spleen cells isolated from a Lewis rat were suspended
in fluorescence-activated cell sorting (FACS) buffer (Facs
Flow, Becton Dickinson (BD) Pharmingen, Tokyo, Japan)
and incubated for 30 minutes at 4°C with saturating
amounts of the following antibodies: CD3 (#550353, PE
mouse anti-rat CD3, BD), CD4 (#550057 Pharmingen,
APC mouse anti-rat CD4, BD), CD8 (#558824, Per CP
mouse anti-rat CD8a, BD), CD161 (#550978, biotin mouse
anti-rat CD161, BD). The labelled spleen cells were then
separated into NK cells (CD161+), CD4+T cells
(CD3+CD4+), CD8+T cells (CD3+CD8+), and
macrophages (remaining CD3-) using a FACS Vantage
(BD).

<
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CFI assay. For the CFI assay, the suppressive effect of
immune cells (effector cells) on colony formation by
autologous NP cells (target cells) was assessed by a
previously described method (Spitzer et al., 1980). The
NP cells isolated from SD rats (N=4) were immediately
utilized for the assay procedures. NP cells (6x10%) and
autologous spleen cells were seeded for each E:T ratio of
0:1, 25:1, 50:1 and 100:1 in 6ml of 0.9% methylcellulose
formation (MethoCult H4230 Stemcell Technologies,
Vancouver, Canada) in a single tube, mixed completely,
then we dispensed it by 1ml in 35mm dishes (n=4 for each
E:T ratio). The dishes were incubated at 37°C in 5% CO2
and full humidity for 14 days without medium replacement,
after which the number of NP colonies was scored at least

twice for each dish using a tally board on the bottom of
the dishes.

Cytotoxicity assay. For the cytotoxicity assay, NP cells
from Lewis rats (N=2) were monolayer cultured in RPMI-
1640 medium with 15% FBS for 10 days. The cells were
labeled using calcein-AM (Dojin Chemical Institute,
Kumamoto, Japan) for 60 minutes at 37°C without serum,
washed, and seeded into 96-well V-bottomed plates
(#4914, Matrix Technologies, Hudson, NH, USA) at 1x10*
cells/ well. Suspensions of purified isogenous NK cells,
CD4+ T cells, CD8+ T cells, or macrophage cells were
then added to wells at E:T cell ratios 0of 0:1, 25:1, 50:1 and
100:1 in a final volume of 200 uL/well in RPMI-1640
medium without serum (n = 4 for each ratio). The plate
was centrifuged, then incubated in humidified air for eight
hours at 37°C. After incubation, the plates were centrifuged
and 100 mL of supernatant from each well was moved to
another 96 well flat-bottomed plate in the same pattern,
and was measured using a fluorescent plate reader (A =485
nm, A_ =520 nm, Beckman Coulter, Brea, CA, USA).
Cytotoxic activity was determined according to a
modification of the *H-uridine labelling method described
by Wang er al. (1993). Cytotoxicity was calculated as:

iease 100(1)

Total release was obtained by detergent solubilisation in
the presence of 1% Triton X-100 (GE Healthcare Japan,
Tokyo, Japan). Spontaneous release means the
fluorescence release of the pure NP cell groups.
Fibroblastic cells from the anulus fibrosus was also
analyzed as negative control.

In vivo study

For in vivo studies, intact rat NP tissues were transplanted
with PBS into immunodeficient mice and wild type rats.
The survival rate of the NP cells in the transplanted tissue
was measured using the bioluminescence imaging (BLI)
method described below to estimate the influence of
immunity on NP cell survival. IHC staining was done on
the NP tissues from the rat model to detect attracted
immune cells, which would indicate the initiation of an
immune response.

Transplantation of NP for the BLI study
For the BLI analysis, four male Lewis rats 10-12 weeks of

www.ecmjournal.org



G.0. Edwards et al.

age were used as recipients of NP tissues for the Lewis to
Lewis (Lew-Lew) group and four male 10-12-week-old
NOD/Shi-scid mice (Nihon Charles River) served as
recipients of NP tissues for the Lewis to NOD (Lew-NOD)
group. Transgenic (Tg) male Lewis rats (8-10 weeks of
age) whose tissues express luciferase produced by repeated
crossing of Tg rats and confirmed in the Organ
Replacement Research Department in Jichi Medical
University were used as NP tissue donors. 100 pg of NP
tissues were injected with 100 uL of PBS under the
abdominal skin of recipients under general anaesthesia
using 2-3% isoflurane. One donor was used for each
recipient. The BLI study was conducted using a IVIS
system (Xenogen Corp., Hopkinton, MA, USA) with
Livinglmaging acquisition and analysis software. Briefly,
animals were anesthetized with isoflurane and given 125
mg/kg D-luciferin substrate (Biosynth AG, Staad,
Switzerland). The animals were then placed in a light-tight
chamber for imaging with a CCD camera. The photon
counts from the peak luciferase activity were recorded.
Luciferase activity was measured as photons emitted/
second. Imaging studies were performed immediately after
transplantation and at day 7, day 14 and day 21.

IHC staining

For IHC staining, male Lewis rats (n=6) were newly used
as recipients of NP tissues. The transplantation procedure
was the same as for the Lew-Lew group described above
and one donor was used for each recipient (n=6). Two
recipients were sacrificed at 5, 10, and 40 days after
transplantation. In addition, two NOD mouse in BLI study
was sacrificed at 26 days after transplantation. After
fixation with 10% formalin for three days, a paraffin block
was made though an alcohol-xylene-paraffin graded series.
Five-micron thick paraffin sections were cut sagittally from
the epidermis to the peritoneal membrane across the
transplantation site, deparaffinized 5-um sections first were
rehydrated through xylene and graded alcohol series. For
double-staining immunofluorescence, tissue slides were
incubated overnight at 4°C with a primary monoclonal
antibody to keratan sulphate (KS) (#270427-1, mouse anti-
KS, Associates of Cape Cod, Falmouth, MA, USA), diluted
1:100 in PBS with 1% BSA, followed by incubation in
darkness at room temperature for three hours with Alexa
Fluor 488-conjugated anti-mouse IgG diluted 1:200. A fter
washing with PBS, the slides were incubated overnight at
4°C in darkness with diluted (1:100) primary antibodies

Chondrogenesis in levitated chick wing bud cells

for rat T cells (#550353, PE mouse anti-rat CD3, BD),
macrophages (#sc-9139, rabbit anti-rat CD68, Santa Cruz
Biotechnology, CA, USA), or NK cells (#550978, Biotin
mouse anti-rat CD161, BD). After washing with PBS, the
slides with CD68 were incubated for 60 minutes in room
temperature with anti-rabbit goat Alexa 594 antibody
(Invitrogen); slides with CD161 staining were incubated
for one hour with streptavidin-Alexa 594 (Invitrogen). All
slides were then covered with Vectashield mounting
medium with DAPI (H-1500, Vector Laboratories,
Burlingame, CA, USA). Sample sections of day 5, day 10
and day 40 were also stained with HE and Safranin-O.

Data Analysis

All data are given as the mean =+ standard deviation (SD).
The statistics were processed by Excel Stat 2006 (SSRI,
Tokyo, Japan). Two-factor analysis of variance (ANOVA)
was employed to analyze the in vitro and in vivo results.
The Mann-Whitney U-test was used to compare the results
of the two groups in CFI assay. When significant
differences were revealed by the ANOVA, post hoc
comparisons were done. Statistical significance was
defined as p < 0.05.

Results

In vitro study

CFl assay. Spleen cells from SD rats were used as effector
cells for autologous tail NP target cells. Colony formation
assays showed two types of colonies that were identified
as CFU-A (adherent) and CFU-NA (non-adherent) when
counting colonies. Without effector cells (E:T cell ratio of
0:1), NP cells (1x10%) formed CFU-NA colonies ranging
in numbers from 82-118 (94.8+18.1) and CFU-A colonies
ranging from 39-60 (48.3+9.6). When effector cells were
added, NP cells (1x10%*) with an E:T cell ratio of 251

yielded CFU-NA colonies ranging from 26-31 (29.0+2.2)
and CFU-A colonies ranging from 22-38 (28.3+6.8), an
E:T cell ratio of 50:1 resulted in CFU-NA colonies ranging
from 19-26 (22.8+3.0) and CFU-A colonies ranging from
19-34 (26.8+6.6) and an E:T cell ratio of 100:1 produced
CFU-NA colonies ranging from 19-25 (21.0+2.8) and
CFU-A colonies ranging from 18-27 (21.0+4.2). The
suppressive effect of spleen cells was apparent (Fig. 1A).
CFU-NA colonies were affected stronger than CFU-A
colonies (Table 1). Microscopic examinations of CFU-NA

Table 1 Percentage of the number of colonies to the control (E:T cell ratio = 0:1)

E:T cell ratio 0:1 25:1 50:1 100:1

CFU-NA (%) 100 30.6+2.3 24.0£3.2 22.243.0
CFU-A (%) 100 58.5£14.2 55.4+13.7 43.5+8.8
p-value p=0.021 p=0.021 p=0.019

Cpm
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Fig. 1. (A) Results of CFIl assay in
vitro. Numbers of CFU-NA (open
circle) and CFU-A (closed circle)
colonies in the E: T ratio of 0:1, 25:1,
50:1 and 100:1 were counted at day

0 . . . . 14. Colony formation of NP cells was
0:1 25:1 501 100:1  E:T ratio suppressed by the .addition of
A autologous spleen cells in both groups
(*p < 0.05 compared with that in the
E:T ratio of 0:1). (B) Attraction of
spleen cells to CFU-NA. (C)
Attraction of spleen cells to CFU-A.
The larger number of spleen cells
attracted to CFU-NA than that to CFU-
A supports the result in our current
e St A - study that CFU-NA is more sensitive
B CFU“N A 250pm C CFU-A 250um to autologous spleen cells.
Lewis rat Lewis rat
/—\_6 N
G
\_/ »
spleen cells NP cells
cytotoxicity
assay
407 O o4 T cell x
3 A CD8 T ﬁell . )
ce
— 307 A e Fig. 2. Results of cytotoxicity assay
5 = MK cell " i
= in vitro. Cytotoxicity was calculated
=< i *
S 27 x / as follows,
) § * Insert EQ1
1~ 10 - / 0%=no cytotoxicity, 00%=maximum
= cytotoxicity as strong as detergent
=" | o agent.
. OAOD\OA Ol Cytotoxicity caused by NK cells and
macrophages was suggested as a result
- *
10 o 51 501 1001 E:T ratio of 8 hrs coculture (*p <0.05 compared

o
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with that in the E:T ratio of 0:1).
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Fig. 3. (A) Survival rate of transplanted NP cells in Lewis rats and NOD mice (n=4, each). Closed circle indicates
Lewis-Lewis group and open circle indicates Lewis-NOD group. Because intensity of luminescence is positively

linear to the number of NP cells (data not shown), survi

val rate of NP cells was calculated as follows:
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so that baseline value of survival rate (day 0) is “1”. The survival rate was higher in the Lewis-NOD group than in
the Lewis-Lewis group (*p < 0.05). (B) BLI imaging of NOD mouse at day 0 (left) and at day 90 (right). (C) BL1
imaging of Lewis rat at day O (left) and at day 21 (right). NP cells hardly survived at day 21.

(Fig. 1B) and CFU-A (Fig. 1C) colonies revealed that larger
numbers of spleen cells were attracted to CFU-NA colonies
than to CFU-A colonies, further indicating that CFU-NA
colony formation was more sensitive to the presence of
spleen cells.

Cytotoxicity assay. From 10* Lewis rat spleen cells,
3.0x107 CD4+T cells, 2.0x107 CD8+T cells, 1.0x107
macrophages and 6.0x10° NK cells were sorted by FACS
with data showing that more than 95% of the cells were
alive.

<
Gm&mAE?iAL)

Cytotoxicity to autologous NP cells was proportional
to the E:T cell ratio in NK cells and macrophages (Fig. 2).
At an E:T cell ratio of 100:1, cytotoxicity was 31-35% in
NK cells and 9-20% in macrophages. Significant
cytotoxicity was observed in NK cells at E:T cell ratios of
25:1 or more (p <0.0001) and in macrophages at E:T cell
ratios of 50:1 or more compared to the corresponding
values in the absence of effector cells (p = 0.001 at 50:1; p
<0.0001 at 100:1) (Fig. 2). CD4+T cells and CD&+T cells
did not have cytotoxic effects on NP cells.

17 www.ecmjournal.org
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M

Fig. 4. Histological analysis of NPs at the transplant site of recipient rats. HE (A), safranin-O (B) and keratan
sulphate IHC (C) staining indicates the presence of transplanted NPs at day 5. Safranin-O stains the proteoglycan
of NPs (Red), and keratan sulphate is specific extracellular matrix of NPs (Green). Keratan sulphate was stained
even 26 days after transplantation in the recipient of NOD mouse (M).

CD3 (D~F), CD68 (G~1) and CD161 (J~L) (Red) are immunohistochemically double-stained with keratin
sulphate (Green). D, G, and J are the results at day 5; E, H, and K at day 10; F, I, and L at day 40. Keratan sulphate
decreased dependent on time, NK cells and macrophages decreased simultaneously.
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To summarize, the results of the in vitro CFI and
cytotoxicity assays revealed the presence of a spleen cell
population that had cytotoxic effects on autologous NP
cells. This cytotoxic spleen cell population is composed
of sub-populations of NK cells and macrophages.
Furthermore, as a negative control of cytotoxicity assay,
we used fibroblast-like cells of annulus fibrosus origin.
The result was that the fibroblast-like cells was tolerant to
isogeneous spleen cells, however nucleus pulposus cells
was sensitive. This result raised our test hypothesis that
NP is sensitive to specific immune cells.

In vivo study

BLI study. We performed a BLI study to investigate
immunological responses to transplanted NP tissues in vivo.
The BLI evaluation showed a significantly higher survival
rate for transplanted NP cells in the Lew-NOD group
compared to that in the Lew-Lew group totally (p = 0.036),
at day 7 (0.35+0.18 vs. 0.11+0.05; p = 0.042) and at day
21 (0.16+0.08 vs. 0.03+0.02; p = 0.037) (Fig. 3A). After
90 days, up to 13% of the transplanted NP cells had
survived in the Lew-NOD group (Fig.3B). NP cells
transplanted into Lewis rats (Lew-Lew) did not survive
past 21 days, when luminescence at the NP cell transplant
site had decreased to near background levels (Fig.3C).

IHC staining. Because our results showed that
transplanted NP cell survival was reduced in association
with an immunological reaction, we used immunological
staining to identify which types of immune cells had
infiltrated. Transplanted NP tissues in rats at day 5 existed
mainly in the loose subcutaneous fat tissue as an
agglomeration of cells with a bubble-like extracellular
matrix (Fig. 4A). Safranin-O staining showed the presence
of red-stained proteoglycans (Fig. 4B), and fluorescent
green-stained keratan sulphate, both of which are
constituents of the extracellular matrix of the NP (Fig. 4C).
We observed transplanted NP tissues at day 5 (Fig. 4D, G,

Chondrogenesis in levitated chick wing bud cells

J). however, the amount of transplanted NP tissue was
markedly decreased at day 10 in the Lewis rats, while NP
tissue was obviously present in NOD mice recipients even
at day 26 (Fig. 4M). From the IHC evaluation of immune
cells in Lewis rats, no CD3 positive T cells attraction were
observed subcutaneously from day 5 to day 40 (Fig. 4D,
E, F). Attraction of NK cells and macrophages was
observed at days 5 and 10 around the outgrown NP tissues
(Fig. 4G, H, J, K); however, neither NP tissues nor immune
cells were observed at day 40 (Fig. 41, L). The numbers of
NK cells and macrophages in microscope fields that
included agglomerated NP cell clusters decreased with time
(Table 2).

Discussion

The precise mechanism of immunological involvement in
the pathology of disc herniation has not been defined. We
performed two immunological assays, the CFI and the
cytotoxicity assay, using co-cultured NP and immune cells.
We also developed an in vivo subcutaneous transplantation
model and measured the survival rate of transplanted NP
cells using the BLI method. THC at the transplant site of
the recipient rats was used to identify the immune cells.
The suppression of NP cell colony formation was
observed to be dependent on the effector:target (E:T) cell
ratio. We found that non-adherent (CFU-NA) colonies
were more strongly suppressed by immune cells than
adherent (CFU-A) colonies. Because NP cells are known
to be heterogeneous (Chelberg er al., 1995), this difference
in colony formation may reflect the different epitopes
recognized by immune cells, or possible differences in the
immune privilege function, like the presence or absence
of Fas ligand. Based on these possibilities, about 20% of
the NP cell population were alive even at E:T cell ratio of
100:1, which appears to differ immunologically from other
NP cells. Of particular interest was the assessment of direct

Table 2 The number of immune cells in a microscope field (x40)

Day 5 Day 10 Day 40
T cell None None None
NK cell 2-5 1 None
Macrophage 4-7 1-3 None

This table indicates the number of representative agglomerated NP cell clusters in the tissue specimen of

transplanted site in Lewis rats. NK and macrophage cells were observed in the transplanted site in the

early phase, whereas T cells were not observed. In day 40, neither NP tissues nor immune cells were

observed.
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cytotoxic function of the immunological cell types. The
results of the cytotoxicity assays of isolated T, NK, and
macrophage cells demonstrated that only the NK and
macrophage cells had cytotoxic activity on NP cells. The
target molecules and their location on the NP cells remain
undefined; further biological and immunological studies
are necessary.

The results of the BLI study showed differences in the
survival rate of NP cells in the transplanted NP tissues
between the Lewis rat and NOD mouse recipients. NP cells
are known to undergo apoptosis (Park er al., 2001), and
intervertebral disc cells are thought to be able to behave
as competent phagocytes (Jones ef al., 2008). However,
these results do not explain the different survival rates of
NP cells in the current study. Because the survival rate of
NP cells was higher in immunodeficient mice than in Lewis
rats, immunological functions are implicated. NOD/shi-
scid mice lack mature lymphocytes, and have macrophage
dysfunction, a reduced level of NK cell activity and
absence of circulating immune components compared to
wild-type mice. These factors may account for the
difference in NP cell survival rate between NOD mice and
Lewis rats in our study.

We also detected the infiltration of specific immune
cells into the NP transplant sites; these results definitively
demonstrate the immunological activity of these cell types
against NP tissues. Macrophages and NK cells, but not T
cells, were detected, although the presence of T and B cells
in isolated human herniated discs and in experimental
porcine models has been previously reported (Geiss et al.,
2007). Our results suggest an early immunological
response after normal NP tissues were exposed to the
immune system. Thus, macrophages and NK cells were
observed on days 5 and 10 when residual NP was present,
but not on day 40 when the transplanted NP had
disappeared. This finding supports the presence of an
immunological response to transplanted NP tissues.

In our 1HC study, CD68 positive cells did not resemble
the appearance of resident chondrocytes. Although Jones
et al. (2008) suggested that CD68 positive cells were
transformed resident intervertebral disc cells, based on their
morphology, the results of our study show that these
macrophages are not transformed resident cells but rather
are infiltrating cells.

Autologous tissues are generally not recognized as
foreign by the immune system. The NP is an immune-
privileged tissue isolated from the immune system (Hiyama
et al.,2008) and it, like similarly isolated tissues, including
the eye and testis, can produce inflammatory autoimmune
responses (Wildner and Diedrichs-Méhring, 2004;
Schuppe and Meinhardt, 2005). Another possible trigger
for autoimmunity is innate immunity, which is induced by
chemical factors without specific antigen-antibody
responses, leading to rapid immune responses to
pathological microbe antigens. Because the NP cell
produces chemical factors and the carbohydrate structure
of the extracellular matrix produced by NP cells may mimic
that of pathological microbe antigens, the NP may trigger
an innate immunity response (Bardos et al., 2005).

In the in vivo transplantation model, we utilized a
xenogeneic model because the mouse is too small to obtain

[~y
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enough donor NP cells. The use of NOD mice as recipients
is well established for evaluating the effects of
immunodeficiency. In addition, the xenogeneic
transplantation model is commonly used for
immunological evaluation (Yoshino et al., 2000).

In conclusion, even non-degenerated NP cells elicit an
immune response, and macrophages and NK cells in
particular are shown to have an early immunological
function when NP cells are exposed to the immune system.
While these results may not be directly applicable to the
human, this study provides important information for
understanding the pathophysiological mechanism of disc
herniation.
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Establishment and Characterization of Transplantable,

Luminescence Labeled Rat Renal Cell Carcinoma Cell Lines
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Purpose: Since renal cell carcinoma is considered an immunogenic tumor, test-
ing therapeutic strategies has been impeded by the lack of relevant tumor models
in immunocompetent animals. Recent advances in bioluminescence imaging per-
mit sensitive in vivo detection and quantification of cells emitting light. Thus, we
established bioluminescent rat renal cell carcinoma cell lines for immunocompe-
tent rats.

Materials and Methods: The rat renal cell carcinoma cell line ACI-RCC stem-
ming from chemically induced renal cell carcinoma in syngeneic ACI rats was
stably transfected with a recombinant retroviral vector encoding luciferase genes
derived from fireflies (ACI-RCC-ffLuc) or click beetles (ACI-RCC-cbLuc). Cell line
growth patterns were characterized by bioluminescence imaging.

Results: Linear correlations noted observed between cell number and photon
counts in each cell type. ACI-RCC-cbLuc emitted light about 500-fold higher than
ACI-RCC-ffLuc. When transplanted subcutaneously, only ACI-RCC-ffLuc grew,
possibly because of less antigenicity. ACI-RCC-ffLuc photon emission correlated
significantly with subcutaneous tumor size. Orthotopic tumor growth and sub-
sequent metastatic spread were monitored with time by increased photon inten-
sity on bioluminescence imaging. Based on ACI-RCC-cbLuc bioluminescent in-
tensity the in vitro screening test allowed the identification of several anticancer
agents, including molecules related to human renal cell carcinoma progression.
Conclusions: The new in vivo rat renal cell carcinoma model with luciferase
labeled tumor cells allowed us to monitor tumor growth noninvasively and
semiquantitatively by bioluminescence imaging. This model system coupled with
in vitro screening permits precise evaluation of tumor behavior in intact animals
and determination of the therapeutic efficacy of anticancer agents for renal cell
carcinoma.

Key Words: kidney; carcinoma, renal cell; luminescent proteins; cell line;
models, animals

RENAL cell carcinoma is a potentially
lethal kidney disease. RCC treatment
still depends on surgical resectability
of the primary tumor but the progno-
sis in patients with metastatic dis-
ease remains poor.! Antitumor cyto-
kines such as interferon-o and IL-2
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have been used widely to treat meta-
static diseases but provided only lim-
ited therapeutic benefit.2 Thus, more
effective treatments are needed for
metastatic disease.

The advent of molecularly targeted
therapy, eg bevacizumab, sorafenib,
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BLI = bioluminescence imaging

cblLuc = click beetle derived Luc
gene

DMSO = dimethyl sulfoxide
ffLuc = firefly derived Luc gene
IL = interleukin

Luc = luciferase

RCC = renal cell carcinoma
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sunitinib and temsirolimus, has improved the progno-
sis in patients with metastatic RCC, provided unprec-
edented response rates and significantly increased
survival.® However, complete tumor regression is spo-
radic and rare, and most patients ultimately have
disease progression even during therapy.® Further
study is needed to identify more effective agents or
combinations of targeted agents that can improve the
objective response and hopefully lead to complete re-
mission. Some questions have arisen, including
whether there are appropriate therapeutic combina-
tions to maximize efficacy with tolerable toxicity or
multitargeted agents to inhibit different target mole-
cules involved in cancer progression and whether it is
possible to combine potential targeted agents with con-
ventional cytotoxic chemotherapy or cytokine therapy.

To investigate the efficacy of novel agents or appro-
priate combinations of existing therapies in vitro and
in vivo evaluations are required. Immunocompetent
animals with normal immune systems are ideal since
RCC is a representative immunogenic tumor. Among
recent advances in small animal imaging BLI permits
sensitive in vivo detection and quantification of cells
specifically engineered to express Luc. BLI enables
easy longitudinal quantification of the tumor burden
in living animals.* To date the Luc transfected murine
RCC cell line RENCA, which is well characterized and
arises spontaneously in Balb/c mice,” is the only cellu-
lar source of the BLI model for in vivo study of RCC.6~8
However, using Luc labeled RENCA cells for in vitro
determination is not well documented in the medical
literature.

We established a new RCC cell line from immu-
nocompetent rats and modified the cell lines for BLI.
Two types of Luc expressing rat RCC cells were
created. We report that cells engineered for BLI are
available for in vitro culture and in vivo animal
experiments. This model system also allows in vitro
easy drug screening for potential effective com-
pounds or appropriate drug combinations. Thus, we
propose that this cell resource may be of great value
to develop RCC therapy in humans.

MATERIALS AND METHODS

Animals and Cells
Six to 8-week-old male inbred ACI rats (CLEA Japan,
Tokyo, Japan) were used. All experiments were done in
accordance with the Jichi Medical University Guide for
Laboratory Animals. NIH3T3 cells were maintained in
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich®)
with 10% heat inactivated fetal bovine serum under a
humidified atmosphere with 5% carbon dioxide at 37C.
Parental rat renal cancer cells (RCC), previously estab-
lished from an ACI rat exposed to ferric nitrilotriac-
etate,®!° were maintained in vivo in the subcutaneous
space of ACI rats every 2 weeks. To allow these cells to be
maintained in culture lethally irradiated NIH3T3 cells

served as a feeder layer. Cells were cloned twice by limit-
ing dilution in 96-well plates at a density of 0.1 cells per
well and a homogeneous cell population was obtained. A
total of 16 clones were isolated and clone 4 was used in
subsequent experiments. Established cells, referred to as
ACI-RCC cells, were grown in 10% fetal bovine serum-
Dulbecco’s modified Eagle’s medium and used between
passages 10 and 25.

Luc Transduced Cell

Generation and Cell Growth Assay

Stable Luc expressing ACI-RCC cells (clone 4) were devel-
oped by transduction with a recombinant retroviral vector
encoding neomycin resistance and ffLuc or cbLuc. Plas-
mids were derived from pMEI-5Neo (Takara Bio, Shiga,
Japan) and pGL3 (Promega®) for ffLuc and pELuc
(Toyobo, Osaka, Japan) for cbLuc. ACI-RCC cells were
infected with the supernatant from the 293 producer cells
in the presence of Polybrene® (8 ug/ml). Transduced cells
were selected with G418 geneticin (Invitrogen™) (500 pg/
ml). Generated colonies were screened using a Luc assay.
To determine bioluminescence activity cells were seeded
at a serial concentration in triplicate in 96-well plates and
measured using the IVIS™ bioimaging system with the
Bright-Glo™ Luciferase Assay System as a substrate ac-
cording to the manufacturer protocol. Transduced ACI-
RCC-ffLuc and ACI-RCC-cbLuc cells were propagated
separately in medium containing G418 (500 ug/ml). Cells
(1 X 10°) were incubated for 96 hours. The total viable cell
number was determined by the trypan blue exclusion test
every 24 hours using a hemocytometer.

Bioluminescence Imaging

In vivo Luc imaging was done with the noninvasive IVIS in
vivo imaging system. One minute after intravenous injection
of D-luciferin (30 mg/kg) (potassium salt, Biosynth, Postfach,
Switzerland) the signal intensity of emitted photons from
Luc expressing tissue was measured with a 1-minute inte-
gration time. For ex vivo detection tissues were procured
after intraperitoneal injection of D-luciferin (60 mg/kg) and
immersed in D-luciferin (300 ul/ml in phosphate buffered
saline) for measurement by a Luc assay. Living Image®
software was used to analyze the data.

Tumor Models

For the subcutaneous tumor model tumor cells (1 X 106)
were injected into the abdominal subcutaneous space in
rats. Tumor volume was evaluated using the equation,
tumor volume = (length in mm) X (width in mm)%2. For
the orthotopic kidney tumor model cells (1 X 10°) were
suspended in phosphate buffered saline (0.1 ml) and inoc-
ulated into the left renal subcapsular space.!® Obvious
tumor was established about 1 week later.

In Vitro Sensitive Compound Screening

The SCADS inhibitor kit comprises 3, 96-well plates, includ-
ing 288 chemicals that target definitive molecules previously
established as inhibitors. Each compound was provided at 2
mM in DMSO in each well with 5 pl. To screen compounds
sensitive to ACI-RCC cells ACI-RCC-cbLuc cells were seeded
at a density of 2 X 10° in 3, 96-well plates before adding each
compound to a final volume of 10 uM. Preparations were
incubated for 48 hours. Luminescence intensity was deter-
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Figure 1. A, in vivo growth kinetics of subcutaneous tumor model of original parental cells in vivo and ACI-RCC parental cells in 8 rats
each show no difference in in vivo tumor growth rate in 2 cells types. B, representative histology of established kidney subcapsular
tumor 7 days after tumor cell implantation. Dotted line indicates parenchymal border. H & E, reduced from X40. C, representative
histology of lung metastatic foci on day 14. H & E, reduced from x40.

mined by a luminometer and calculated as a proportion vs
the DMSO control alone. An intensity proportion of less than
15% was considered sensitive.

Statistical Analysis

The Student t or Mann-Whitney U test was used to deter-
mine p values using StatView® software. Data are ex-
pressed as the mean * SD. Differences between groups
were considered significant at p <0.05.

RESULTS

ACI-RCC Line

Characteristics. To permit growth in culture ACI-RCC
cells were cultured in the presence of lethally irra-
diated feeder NTH3TS3 cells. A total of 16 clones were
isolated and clone 4 was maintained in culture with-
out feeder cells. Thereafter ACI-RCC clone 4 was
established as an ACI-RCC line, as described.

To examine whether the established cell line could be
transplantable to ACI rats cells (1 X 106) were injected
into the subcutaneous space of ACI rats. Visible tumor
formed 7 days after tumor inoculation and the tumor
growth pattern was equivalent to that of original parent
cells, which could only survive in vivo (fig. 1, A). Micros-
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copy of the established tumor revealed moderately differ-
entiated carcinoma of the basophilic cell type (fig. 1, B).
When cells were implanted orthotopically beneath the
renal capsule in ACI rats, metastatic spread to the lung
also occurred around 2 weeks later (fig. 1, C). The ani-
mals died 3 to 4 weeks after tumor inoculation.

Establishment. Recent advances in BLI technology
have facilitated quantitative analysis of cellular pro-
cesses in vivo. ACI-RCCs were transduced with
ffLuc or cbLuc to visualize tumor progression in
vivo. The advantage of using Luc as a marker in-
cludes its sensitivity in vitro and its linear dose
dependent output of light in the presence of D-lu-
ciferin (fig. 2). The photon intensity of ACI-RCC-
cbLuc cells was about 500-fold higher than that of
ACI-RCC-ffLiuc cells at the same cell number. Each
cell line had a similar cell proliferation pattern and
cell morphology (fig. 3).

ACI-RCC-ffLuc and ACI-RCC-cbLuc BLI

To investigate ACI-RCC-ffLuc and ACI-RCC-cbLuc
cell tumor formation cells (1 X 10°) were subcutane-
ously implanted and tumor growth was monitored by
BLI and tumor volume measurement. Tumors formed
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Figure 2. One of 2 independent experiments with similar results shows correlation between cell number and photon intensity using
BLI. Cells were seeded at indicated density in triplicate wells and imaged after adding Luc. Mean photon intensity was plotted against
cell number per well. Number of cells correlated with amount of emitted light above detection limit. A, ACI-RCC-ffLuc cells with 1 X
10* detection limit (r = 0.997, p <0.001). B, ACI-RCC-cbLuc cells with 1 X 10 cell detection limit (r = 0.993, p <0.001). g, gm.
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Figure 3. Infection of ACI-RCC cells with pLuc retroviral vectors
did not alter cell proliferation rate. Values represent mean of 3
samples in 1 of 2 independent experiments with similar results.

about 1 week after tumor injection of parent ACI-RCC
and ACI-RCC-ffLuc cells but no tumors formed after
ACI-RCC-cbLuc cell injection. BLI revealed substan-
tial Luc derived photon counts at the implanted site of
ACI-RCC-ffLuc and ACI-RCC-cbLuc cells immediately
after tumor implantation. Luc activity of ACI-RCC-
ffLuc cells generally attained a nadir 24 hours after
inoculation and increased to detectable levels by day 7,
when tumor was visible (data not shown). However,
the strong photon emission from ACI-RCC-cbLuc cells
observed for 1 week after injection suddenly vanished
at day 9 and tumors of ACI-RCC-cbLuc cells did not
form (fig. 4, A). The difference in in vivo growth behav-
ior between ACI-RCC-ffLuc and ACI-RCC-cbLuc cells
may be due to the antigenicity of cbLuc protein for
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immunocompetent rats since ACI-RCC-cbLuc cells
grew in xenogenic athymic mice (fig. 4, B). Results
show that ACI-RCC-ffLuuc cells are available for anal-
ysis of BLI mediated RCC dissemination.

Transduction of the ffluc gene did not affect the
growth kinetics of subcutaneous tumors (fig. 5, A).
There was significant correlation between tumor
size and photon intensity (r* = 0.9825, p <0.001, fig.
5, B). Results indicate the usefulness of this Luc
labeled tumor model system as a quantitative tool
for growing tumor lesions.

We further evaluated orthotopic tumor growth and
metastatic spread using this model. Photon emission
was detectable over the tumor site at day 10 and
attained a plateau around 3 weeks after orthotopic
tumor implantation (fig. 6, A). BLI visualized tumor
metastasis to the lung about 2 weeks after implanta-
tion and photon counts also increased at metastatic
sites (fig. 6, B). Ex vivo luminescence analysis showed
that the tumor burdened kidney and the metastasized
lungs in rats were substantially Luc positive (fig. 6, C).

Easy In Vitro Screening of

Compounds Sensitive to ACI-RCC Cells

While ACI-RCC-cbLuc cells were potentially immu-
nogenic in immunocompetent ACI rats, the strong
photo emission potential may allow sensitive drug
screening. To address this we investigated whether
ACI-RCC-cbLuc cells are available for in vitro drug
screening. ACI-RCC-cbLuc cells (2 X 10%) were
plated on 96-well plates before the compound was
added and then incubated for 48 hours. Lumines-
cence intensity was simply determined by a lumi-
nometer and calculated as a proportion vs the
DMSO control alone. Of the 288 compounds arrayed
in the SCADS inhibitor kit 21 showed decreased

2
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Days after tumor implantation v
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Figure 4. BLI monitoring of subcutaneously implanted ACI-RCC-cbLuc cells. A, 1 of 2 independent experiments in 5 rats each with
similar results shows abolished strong photon emission 9 days after cell implantation with tumor formation never confirmed. g, gm.
B, representative BLI of ACI-RCC-cbLuc cells 10 days after cell implantation in Balb/c-nu/nu mouse reveals prominent photon emission
from established tumor site.
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Figure 5. BLI monitoring of subcutaneously implanted ACI-RCC-ffLuc cells. A, in vivo growth kinetics of subcutaneous tumor model of
parental and ACI-RCC-ffLuc cells revealed no difference between cells in in vivo tumor growth. Each experimental group had 8 rats. B,
bioluminescence intensity and tumor volume correlated significantly. g, gm.

photons with less than 15% considered to have in-
hibitory effects on ACI-RCC cells with control con-
sidered 100% (see table). These data suggest that
this RCC cell line is useful as a cell resource for easy
drug screening. Notably some candidate compounds
targeting molecule heat shock protein 90, AKT, Met
and platelet-derived growth factor have been used in
the clinical setting in patients with RCC.

DISCUSSION

Increased knowledge of cancer progression and thera-
peutic resistance has identified many gene products
involved in apoptosis, proliferation and other vital cell
functions. Novel agents directed at these targets have
been developed and show promise in vitro but have not
always been consistent in vivo. Because RCC is con-
sidered an immunogenic tumor, a reliable and quan-
tifiable orthotopic animal model of RCC in normal
immune systems is relevant. To our knowledge mu-

A

(105 photans

day6 day10 day14 day18 day22 day18
Days after tumor implantation

rine RCC (RENCA) is the only animal model of RCC in
immunocompetent syngeneic Balb/c mice. It repre-
sents reliable, reproducible growth characteristics and
has a metastatic pattern similar to that of RCC ob-
served clinically in humans.>!! However, its further
use for biomedical research, which requires blood and
tissue sampling or treatment models using surgical
manipulation, may be restricted due to limitations im-
posed by body size.'° Thus, we established the rat RCC
cell line derived from a ferric nitrilotriacetate induced
renal tumor and in vivo tumor models in immunocom-
petent ACI rats, providing another useful model in
which to study RCC. We also generated Luc express-
ing cells, which enabled in vivo monitoring of cancer
progression by BLI, the most commonly used modality
for noninvasive imaging in small animals. Of Luc
genes widely used as light emitting reporters we used
2 types, including that of Phototinus pyralis (firefly)
and Phototinus plagiophthalamus (click beetle). Each

day14 day18 day22
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Figure 6. BLI monitoring of orthotopically implanted ACI-RCC-ffLuc cells. Aand B, 1 of 2 independent experiments with similar results. Two
of 5 rats in each experimental group died on day 22. g, gm. A, mean photon intensity of subcapsular tumor with time. BLI shows tumor
growing in renal subcapsular space. B, mean photon intensity of lung metastatic lesion with time. Representative BLI reveals subcapsular
renal tumor (arrows) and lung metastatic lesion (circle). C, ex vivo analysis reveals subcutaneous (a) and subcapsular (b) tumors, and lungs (c).




