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Quantitative analysis of immunohistochemistry of the dorsal posterior striatum. (A) Immunohistochemical sections of the dorsal posterior striatum
for NeuN, TH+ cells, TH* terminals, and DAT* cells in MSC-DP cell-engrafted animals (MSC-DP), in the sham-operated striatum (Sham), and in
the non-MPTP—treated side of the striatum (nonaffected) of sham animals. Scale bar: 100 um. (B) Cell counts of NeuN* and (C) TH* neuronal
cell bodies, (D) TH* axon terminals, and (E) DAT* neurons in the dorsal posterior striatum were plotted for each group. *P < 0.05, **P < 0.01,

***P < 0.001, Bonferroni-corrected multiple comparisons.

applying stem cells are functionality and safety issues after graft,
both of which need to be overcome before clinical trials can be com-
menced (40). From these standpoints, we examined whether the
MSC-DP cells could safely function in primate PD model.

Our results can be summarized into the four points. First, the
MSC-DP cells induced from macaque MSCs were confirmed to
express markers for Tujl, MAP-2, TH, and DAT and to release
dopamine in vitro, as shown previously (21). Moreover, they
expressed GIRK2 and FOXA2, specific markers of A9 dopamin-
ergic neurons, but not calbindin, a marker of A10 neurons. Sec-
ond, when MSC-DP cells were autologously engrafted into the
striatum of hemiparkinsonian macaques, motor behaviors, as
assessed by CRS and the hand-reach task, gradually improved
without accompanying dyskinesia. PET scans detected distinct
binding of **C-CFT in the engrafted striatum initially, followed
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by an exponential decrease in *'C-CFT binding. Kinetic analysis
suggested that a portion of the MSC-DP graft showed levels of
H1C-CFT binding above the baseline over a period of 7 months.
Third, immunohistochemical analysis at 9 months confirmed the
increase of DAT*/TH*/GIRK2" cells and the TH* axon terminals
in the engrafted striatum. Fourth, no tumorigenicity was sus-
pected by peripheral blood tests, blood tumor markers, ¥F-FDG
PET scans, and histology. Therefore, MSC-DP cells are likely to
be nontumorigenic and able to remain in the transplanted region
until at least 9 months after engraftment, although not in large
quantities, thereby modestly restoring dopaminergic function and
motor behaviors in vivo.

To the best of our knowledge, this study is the first to show
restoration of dopaminergic function and mortor behaviors in
parkinsonian primate animals following engraftment of MSC-de-
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rived cells. It is notable that kinetic analysis of 1'C-CFT binding
and histology results suggested that at least a portion of MSC-DP
cells survived in situ for over 9 months. This is in contrast to naive
MSCs, which have much shorter survival times in the brain and
disappeared within 3 months in rodent studies; one possible rea-
son for this could be senescent or apoptotic changes (12, 13). The
long-term survival of MSC-DP cells may have been accompanied
by gradual integration into or reinnervation of the host striatal tis-
sues. As shown in Figure 6D, increased numbers of TH* terminals
were observed in engrafted animals compared with control ani-
mals, suggesting formation of new synaptic connections between
the engrafted cells and host tissues; this may at least in part under-
lie the motor recovery observed at a later time after transplanta-
tion of MSC-DP cells. The fact that in vitro DArc was correlated
with 1C-CFT binding only at early time points after engraftment
also supports the hypothesis that other mechanisms, such as inte-
gration of MSC-DP cells, into host tissues may be critical for full
restoration of motor function.

A notable feature of the current MSC-DP cells is their similarity
to A9 dopaminergic neurons. Previously, we reported that dopa-
minergic neuron-like cells are inducible from MSCs by genetic
introduction of NICD, followed by cyrokine treatment with bFGF,
forskolin, CNTF, and GDNF (20, 21). This report further charac-
terized the MSC-DP cells and found that they were double pos-
itive for FOXA2 and GIRK2, both specific markers of differenti-
ated A9 dopaminergic neurons. In particular, FOXA2 was recently
identified as a transcription factor required for specifying and
maintaining the dopaminergic neuron phenotype (28, 42) and is
considered to be expressed exclusively in floor plate-derived dopa-
minergic neurons (43). We confirmed the coexpression of FOXA2
and GIRK2 in SNc tissue that contains A9 dopaminergic neurons
but not in the VTA, which contains A10 dopaminergic neurons.
GIRK2/FOXA2 double-positive cells have not been induced from
other stem cell sources using existing protocols (44-46), except for
one that manipulates both the sonic hedgehog and WNT signal-
ing pathways (43, 47). Recent studies of fetal tissue engrafting in
patients with PD or PD model rats have shown that A9 dopamin-
ergic neurons are determinants of successful functional recovery
(16, 48) and decreased dyskinesia (49) and that they are associated
with well-organized synaptic connectivity (16). Overall, the results
of our study support a recent hypothesis that well-differentiated
stem cells offer benefits for both survival and functional integra-
tion with host neural tissues (47).

There are 2 points that favor the suitability of MSC-DP cell
transplantation for clinical application. First, the current strategy
rests on the autologous cell system. This offers advantages over
allograft systems, such as fetal tissue engrafting, in terms of the
ethical, social, and political implications. MSCs can be easily col-
lected autologously from the patients’ own bone marrow aspirates.
Aspiration of bone marrow by itself is widely applied in the field
of hematology, and infusion of bone marrow from HLA-matched
donors is also commonly performed for treatment of leukemia.
Moreover, bone marrow-derived MSC transplantation into brain
has been tried clinically without any safety problems (10). The
autologous system also has the advantage of not requiring immu-
nosuppression, as compared with allograft systems. Second, no
tumorigenicity was suspected up to 9 months after engraftment
in primates. Adult stem cells, including MSCs, are known to have
less tumorigenic proliferative acrivity than other cell sources, such
as embryonic stem cells. Moreover, the MSC-DP cells expressed
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MAP-2, a marker of postmitotic neurons (50), suggesting that
they possess minimal risk of tumor formation. A previous study
in which MSC-DP cells were engrafted into rodents consistently
showed no evidence of tumorigenicity during a 14-week period
(20). Schwann cells derived from MSCs also showed no tumorige-
nicity during a 1-year observation period in our previous study
in primates (18). The differentiation technique for converting
naive MSCs to MSC-DP cells involved NICD gene introduction by
transfection of a plasmid gene but not by retrovirus- or lentivi-
rus-mediated gene transfer, which is known to modify the nuclear
genome. The introduced plasmid NICD gene does not appear to
have a prolonged effect on the cell cycle, because the introduced
NICD gene did not remain in MSCs for a long time (for no longer
than 2 passages) (51).

Although our study showed a potential therapeutic effect of
MSC-DP cells in a PD model, one may argue that cells pushed to
full maturity in vitro would not be the best cell source for grafting
(2). For example, grafted dopaminergic neurons obtained from
fetal brain are known to survive poorly if their maturation has
passed a narrow optimal time window at the time of harvesting
(52). Such an argument might be applicable to our results in that
the rapid loss of 1'C-CFT binding over time may have been a con-
sequence of the use of differentiated MSCs, namely MSC-DP cells.
However, this is still an open question, particularly with respect to
stem cells; the relationship between in vitro maturity and survival
after graft is not simple and may also depend on other factors,
such as the types of cell sources and in vitro preparation. ES grafts
with very immature cells seem to cause tumorigenicity, while rela-
tively immature cells, such as neural precursors/neuroblasts, suf-
fer from poor cell survival (40). But more highly differentiated DA
neurons recently engineered from ES cells showed good survival
(47). Undifferentiated MSCs are known to die very rapidly, within
several days after being engrafted into the brain, and this seems to
be due to facilitated senescence (12) or programmed cell death of
the MSCs (13). Therefore, we have followed the working hypothe-
sis, testing well-differentiated cells derived from MSCs. To address
the issue of optimal marurity, cell marker-based subtyping should
also be standardized in future studies (33).

A few issues suggest the need for some caution when interpret-
ing our results. First, in this study, we did not label the MSC-DP
cells by tagging them with, for example, green fluorescent protein
in order to trace the cells after transplantation. This was because
we avoided using any extrinsic factors that may pose a safety con-
cern or affect cell survival. As a result, the dopaminergic neuron-
like cells found in the striatum may not truly have originated from
the grafted MSC-DP cells. However, this is unlikely because the
striatum in primates has only a few dopaminergic neurons under
normal circumstances: TH* cells number <1% of striatal neurons
(53) and are preferentially scattered near the white matter-ven-
tral striatum border. In our case, the TH*/DAT*/GIRK2"* cells
were located only in an area near the engrafted area in the dorsal
striatum (Figure 5), and the number of the cells was larger than
that in sham and nonaffected striata (Figure 6, C and E). Second,
regarding PET ligands, a well-known ligand for DA, F-DOPA
was not used in this study, because it is a merabolic ligand for
amino acids and may reflect not only dopamine turnover in dopa-
minergic neurons, but also uptake of amino acid precursors in
tumors (54) or inflammation (55). Therefore, 1!C-CFT was care-
fully chosen as an in vivo surrogate marker for tracking MSC-DP
cells, because it is a highly specific ligand for DAT, which is specif-
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ically expressed in dopaminergic neurons and was confirmed to
be present in the current MSC-DP cells in vitro. The high uptake
of 1'C-CFT was not found in any of the sham-operated animals,
even though they received PBS injections, which may induce tis-
sue damage or inflammation. Third, the study does not clarify
the complete mechanism underlying the motor recovery in the
current animals. PET findings revealed increased DAT expression
only in the early phase, while behavioral data showed significant
recovery only in the later phase. As described above, we believe the
discrepancy is explained by a time delay required for the remain-
ing MCS-DP cells to achieve synaptic connections with the host
tissues. This speculation should be clarified in the future study,
since the delayed motor recovery found here seems to be com-
mon in trials of cell replacement therapies in PD. For example,
fetal tissue grafting improved motor symptoms at 6 to 9 months
after grafting in selected patients with PD (39). ES cell-derived
well-differentiated DA neurons also restored motor behaviors 3-5
months after grafting in an animal model (47). Finally, these data
do not show convincing evidence that benefits were truly results
of an in vitro process differentiating MSCs into A9 DA neurons.
We cannot completely exclude the possibility that undifferen-
tiated MSCs, contaminated in the graft and not positive for A9
markers (25%-50% of cells; Figure 1K), might have contributed
to the observed benefits, for example, by way of trophic effects.
Therefore, future studies should directly compare the MSC-DP
cell with naive MSC transplantation.

In conclusion, this study indicates that the autologous MSC-dif-
ferentiation system may be safe and potentially effective for restor-
ing motor dysfunction in hemiparkinsonian nonhuman primate
animals. Although further studies are needed to improve the via-
bility of MSC-DP cells and net performance for functional recov-
ery, the current system may expand the availability of cell sources
for cell-based therapies for patients with PD.

Methods

Ten adult male cynomolgus monkeys (Macaca fascicularis; body weight, 3-4
kg) were used in this study. All animals were housed in a room kept at
26°C. Animals were pretreated with the neurotoxin MPTP to generate a
hemiparkinsonian model, and their bone marrow aspirates were used for
induction of autologous MSC-DP cells. Five animals were used for the
engraftment of MSC-PD cells (n = 5, MSC-DP group), and the remaining
S underwent a sham operation in which they received injection of PBS
only (n = 5, sham group).

Isolation of MSCs from bone marrow aspirates. Primary MSCs were isolated
from bone marrow aspirates obtained from the iliac bone of every ani-
mal in the engrafted group. Bone marrow was aspirated from each animal
3-4 months prior to transplantation under deep anesthesia achieved by
intramuscular injection of ketamine (6.6 mg/kg), xylazine (1.3 mg/kg),
and atropine (0.01 mg/kg). For aspiration, we used a bone marrow nee-
dle (18 G; Sheen-man Co. Ltd.) and 2.5-ml aspiration syringes containing
100 units of heparin (Novo-Heparin, Mochida Pharmaceutical Co. Ltd.)
to prevent clotting. Aspirates were diluted 1:10 using culture medium
(o-minimum essential medium [o-MEM] plus 15% FBS plus 2 mM L-glu-
tamine plus kanamycin) and incubated at 37°C in 5% CO,. After 4 days,
nonadherent cells were removed by replacing the medium. Adherent
cells, namely, MSCs, were subjected to subculture when they reached 95%
confluence and were subcultured 4 times. Finally, they were subjected to
dopaminergic neuronal differentiation.

Differentiation of MSC-DP cells from MSCs. MSC-DP cells were differenti-
ated from MSCs using a method of spermine-pullulan-mediated reverse
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transfection, as described previously (21). We used pullulan, with an
average molecular weight of 47,300 Da (Hayashibara Biochemical Labo-
ratories) and spermine (Sigma-Aldrich). A cationized pullulan derivative
was prepared as described previously (21), and a gene encoding mouse
NICD (constitutively active form), including a transmembrane region
with a small fragment of extracellular domain and the entire intracellular
domain, was subcloned into the pCl-neo vector (Promega) (pCI-NICD).
Cells were further selected by G418 for 3 to 4 days, replated at a cell den-
sity of 2,080 cells per cm?, and treated with 5 uM forskolin (Calbiochem),
10 ng/ml bFGF (Peprotech), and 10 ng/ml CNTF (R&D Systems) in
o-MEM containing 5% FBS for 5 days. Finally, GDNF (50 ng/ml; Pepro-
tech) was added.

Evaluation of MSC-DP cells — dopamine release assay using HPLC. The dopa-
mine release assay was performed as described previously (20, 21). Briefly,
cells were washed in a low K* solution for § minutes, and the medium
was replaced with a high K* solution for 5 minutes. The concentration
of released dopamine was determined using HPLC with a reverse-phase
column and an electrochemical detector system (Eicom Corporation).
The mobile phase was composed of 0.1 M phosphate buffer (pH 6.0), 20%
methanol. The amount of dopamine release was measured according to the
number of cells, which were counted after trypsinization.

Evaluation of MSC-DP cells — immunocytochemistry. The primary antibod-
ies used were anti-MAP-2ab (1:250; Sigma-Aldrich) and anti-Tuj1 (1:100;
BAbCO) as neuron-specific markers and anti-TH (1:1,000; Chemicon, Mil-
lipore), anti-DAT (1:100; Millipore), anti-GIRK2 (1:80; Alomone Labs), and
anti-FOXA2 (1:50; Santa Cruz Biotechnology Inc.) as markers of dopamin-
ergic neurons. We also used an anti-sodium channel antibody (PAN) (clone
K58/35, 1:1,000; Sigma-Aldrich) as a marker of neurons. Secondary anti-
bodies were anti-mouse or anti-rabbit IgG antibodies conjugated to Alexa
Fluor 488 (Invitrogen) and anti-rabbit or anti-goat IgG conjugated to Cy3
(Jackson ImmunoResearch Laboratory). Nuclei were counterstained with
DAPI and inspected using confocal laser microscopy (Nikon Corporation).

Evaluation of MSC-DP cells — RT-PCR. We analyzed the relative expres-
sion levels of GIRK2, FOXA2, and CALBI mRNAs using RT-PCR to classify
MSC-DP cells as A9-type neurons (GIRK2*/FOXA2*/CALBI") or A10-type
neurons (GIRK2"/FOXA27/CALBI") (28, 29, 56). The amount of cDNA was
normalized on the basis of the signal from the ubiquitously expressed
B-actin. The primers were designed based on the cDNA sequence of the
Macaca mulatta, which is highly homologous to that of Rattus norvegicus, as
revealed by an alignment search tool (BLAST; http://www.ncbi.nlm.nih.
gov/BLAST/). The primer sequences and precise conditions were as fol-
lows: B-actin, $'"-TCTAGGCGGACTGTGACTTACTTGCGTTAC-3' (for-
ward) and 5'-AATCAAAGTCCTCGGCCACATTGTAGAACT-3' (reverse)
(TM, melting temperature; 60°C, 25 cycles); GIRK2, 5'-ATCCAGAGG-
TATGTGAGGAAAGATG-3' (forward) and 5'-CACTGTGTAAACCAT-
GACGAAAATC-3' (reverse) (TM, melting temperature; 55°C, 40 cycles);
calbindin, $'-GCTGTATGATCAGGACGGCAAT-3' (forward) and
S“TCTAGTTATCCCCAGCACAGAGAA-3' (reverse) (TM, melting temper-
ature; 58°C, 40 cycles); and FOXA2, 5'-CGGTGTTGCAGAGACGAAAG-3'
(forward) and 5'-CAGAATCTGCAGGTGCTTGAAG-3' (reverse) (TM,
melting temperature; 58°C, 40 cycles). As a positive control for GIRK2,
FOXAZ2, and calbindin, total RNA was collected and analyzed using 2
types of brain tissues from cynomolgus embryos (~6th fetal month,
Macaca fascicularis) and an adult animal (8 years old, Macaca fascicularis),
namely, the SNcand VTA.

MPTP-induced hemiparkinsonism. The animal model of the unilateral
PD was produced using the neurotoxin MPTP, as previously reported
(30, 57), with some modifications. Briefly, animals received slow arterial
injections of MPTP into the right carotid artery. Unlike previous studies
that accessed the carotid artery by incision of the upper cervical area, we
Number 1

Volume 123 January 2013

- 415 -



”
S

;o

applied an angjiographic approach that allowed us to access the target
artery less invasively and did not require postoperative occlusion of the
target artery, which causes insufficient cerebral circulation. We used an
80-cm-long catheter (3F, CATEX Co. Ltd.) and X-ray angiographic device
(OEC 8800, GE Healthcare) to place the catheter into the internal carotid
artery. After the tip of the catheter was placed in the proximal (cervical)
portion of the internal carotid artery, the MPTP solution (0.4 mg/kg dis-
solved in 40 ml of saline, pH 7.4) was infused at a rate of 2 ml per min-
utes. In every animal, the right pupil showed dilatation with a diameter >5
mm, indicating the adrenergic effect of MPTP (58). All animals recovered
safely from anesthesia and exhibited hemiparkinsonism with a crooked
arm posture and dragging leg, with slow or disabled movements in the left
hand and arm. All animals continuously revealed hemiparkinsonism over
a period of 3 months, and none of them showed spontaneous recovery
from motor disabilities.

Engrafting MSC-DP cells into the striatum. Under deep anesthesia, each ani-
mal in the engraftment group underwent MRI-guided stereotactic sur-
gery for engrafting of MSC-DP cells into the putamen on the right side
(the same side as the MPTP infusion). The animal’s head was fixed to a
stereotactic acrylic holder in a sphinx position, the head skin and mus-
cles were incised under aseptic conditions after subcutaneous injection
of lidocaine (Xylocain 2%, AstraZeneca PLC), and the surface of the cra-
nium bone was exposed by separating the galea aponeurotica. Three to
four MRI-visible markers were attached to the fringe of the exposed cra-
nium to be used as a reference for co-registering the translocation between
MRI and the stereotactic micromanipulator. Then, the stereotactic holder
was placed horizontally on the MRI gantry with its axis parallel to the
z axis of the MRI bore, and a high-resolution head MRI scan was obtained
with the inversion recovery-fast spoiled gradient recalled echo (IR-FSPGR)
sequence. Obtained MRI images were transformed with a 3D translocation
algorithm to the standard macaque brain remplate (31) and resliced in a
volume with a matrix of 110,134,80 voxels, a cubic voxel size of 0.5-mm
edge length, and an origin at the midportion of the anterior commissure
(AC). On 3 coronal views of the MRI image sectioned at AC -5, -7, and
-9 mm, we determined 12 target points for transplantation (Figure 3A).
For each of the 12 targets, the relative coordinates were read on the MRI
image in reference to one of the markers on the cranium. After MRI scans
were finished, the head holder was then attached to a customized metallic
stereotaxic apparatus on which the stereotactic coordinates of the markers
were read using a micromanipulator (SM-15 Narishige Group). Then the
target coordinates in the micromanipulator were determined based on the
coordinates of the reference markers in the MRI image and their location
relative to that of the micromanipulator.

Immediately before injecting cells, the autologous MSC-DP cells were
collected and suspended in 60 ul of 0.1 M PBS, and the number of cells was
counted. The average total cell count was 14.0 x 106 + 5.0 x 106 (mean + SD),
with a range of 9.0 x 106 to 20.4 x 106 (Table 1). For each target coordinare
of x and y determined by above method, the tip of a 10-ul Hamilton syringe
with a 30-gauge needle was slowly advanced vertically and kept in place
at the target coordinate for z. Then MSC-DP cells in PBS solution were
injected at a rate of 0.5 pl per minute until a total of 5 ul had been injected
at each target site. The needle was kept in place for an additional 3 min-
utes to allow the injectate to diffuse and then slowly retracted to minimize
diffusion of the injectate over the cortical surface. The sham operation
group received injection of the same amount of PBS solution in the same
12 target points in the right dorsal posterior putamen.

Behavioral analysis of motor function. Behavioral performance was assessed
using the CRSs, hand-reach scores for the affected hands, and spontane-
ous activities in housing cages. The previously validated CRSs were used to
quantitatively assess the parkinsonian status of the monkeys (59, 60). The
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scale consists of ratings of posture (0 to 2), gait (0 to S), bradykinesia (0 to
5), balance (0 to 2), tremor for each arm (0 to 3), gross motor skills (0 to 4
for each arm), defense reaction (0 to 2), and freezing (0 to 2). The score was
the sum of the features out of a total of 32 points, with 0 corresponding
to normal and 32 corresponding to severe disability. Scores were assessed
before and 14 days, 2 months, 4 months, and 8 months after engrafting
and were evaluated by an experimenter blinded to the group allocation.

Hand-reach scores were assessed based on food-taking behavior by the
affected hand, as described previously (30, 61), and were assessed at the
same time points as CRSs (before and 14 days, 2 months, 4 months, and
8 months after engraftment). Five ~5-mm?3 pieces of apple were placed in
front of a circular hole (6-cm diameter) in the lower corner of the cage, so
that the animals could pick up the pieces and eat them. Five trials were
performed for each session, and three sessions were performed on each of
three consecutive days at each time point. Evaluations were made before
engrafting and 14 days, 2 months, 4 months, and 8 months after engraft-
ing. All behaviors during the task were monitored and recorded by video.
After collection of all data, an experimenter blinded to the group allocation
of animals scored the movement velocity of the proximal forelimb (arm
and forearm) on a scale of 0 to 5 (0 means very fast, 5 means very slow),
the movement velocity of hand grasping and finger pinching on a scale
of 0 to 4, and the accuracy of food picking on a scale of O to 2. The sum of
these items was recorded as the hand-reach score, with 11 corresponding
to normal and O corresponding to severe disability.

We also measured spontaneous body activities by monitoring move-
ments using a passive infrared system for monitoring spontaneous ani-
mal activities (Supermex, Muromachi Kikai Co. Ltd.) before and 14 days,
4 months and 8 months after engraftment. The animals were placed in a
600-mm-wide x 700-mm-deep x 740-mm-high cage, in which they were
housed for acclimation beforehand. Activities were monitored consecu-
tively for a period of 3 days (72 hours). The infrared sensor was attached
s0 as to cover the whole cage in a single field of view. Data were imported
to a computer and analyzed using a dedicated program for counting the
number of pixels showing signal changes in a 10-minute time frame.

PET. We performed !C-CFT PET scanning to evaluate DAT expression
in cynomolgus brains, as described previously (26, 62). The tracer !C-CFT
was prepared by a conventional method using !*C-methyl-triflate (63)
and a precursor, nor[methyl-11C]2-B-carbomethoxy-3-3-(4-fluorophe-
nyl)tropane. The animals received intramuscular injections of ketamine
and xyladine, followed by continuous intravenous infusion of propofol
(6 mg/kg/h) to achieve anesthesia, and their respiration was assisted using
an anesthetic machine (Cato, Drager) with an inspired gas mixture of O,
and N3 (O2/N; = 30%:70%). We monitored endotidal CO; level (EtCO,)
and percutaneous oxygen saturation level (SpOy), and, if needed, adjusted
the respiration rate to achieve SpO; >95% and EtCO; of 35 mmHg,. After
achieving deep anesthesia, animals were placed on the PET gantry, and
their bodies were kept warm by using a temperature managing unit (Bair
Hugger Model 505, Arizant Inc.). A 15-minute transmission scan was
obtained using a 68Ge/68Ga rod source for attenuation correction; then,
187 MBq of ['!C]-CFT was slowly injected intravenously over a period of
1 minute, before which a 2D-dynamic PET scan lasting for 60 minutes
was commenced, with scan data obtained by 39 time frames (18 frames of
10's, 6 frames of 30 s, 7 frames of 120 s, and 8 frames of 300 s). PET scans
were performed on a PET scanner (ECAT ACCEL, Siemens Healthcare)
that provided 47 slices in an axial field of view of 162 mm with an intrinsic
transaxial resolution of 6.2 mm in full width at half maximum (64). The
PET emission data were corrected for attenuation using the transmission
data, and images were reconstructed in a matrix of 128, 128, 47 (x, y, z) with
a voxel size of 0.86, 0.86, 3.38 mm (x, y, z) using a filtered back projection
algorithm with a 2-mm Gaussian filter.
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DAT binding in the brain was quantified voxel by voxel as a BPyp image
based on a simplified reference tissue model (65). The cerebellum was
considered as a reference region and was identified by manual delinea-
tion of its boundary on a T1-weighted image that was pre-realigned to the
time-integrated PET image. We also generated a tracer delivery image (R1)
to be used for the next step of co-registration between the PET and MRI
images. Calculation of BPyp and R1 was performed using an open-source
program (PyBLD; http://www.mi.med.osaka-u.ac.jp/pybld/pybld.html).

Tests for tumorigenicity and general conditions of engrafted animals. To assess
the safety of our engrafting procedure, we performed blood tests, includ-
ing red blood cell counts, white cell counts, and blood chemical tests, in
all test animals to evaluate general conditions. We also analyzed the blood
for several tumor markers among those tested in the clinic (66), including
CEA, TPA, SLX, NSE, and BFP.

We also performed 'F-FDG PET to assess any tumorigenic changes in
the grafted area using a previously described method (18). After induc-
tion of anesthesia, we injected 185 MBq of ¥F-FDG and scanned the head
region for a period from 40 to 60 minutes after injection. '8F-FDG scans
were performed in a 3D mode after the transmission scan. The recon-
structed 8F-FDG radioactivity image (in Bq/ml) was scaled based on the
injected dose of 8F-FDG per body weight of animal (Bq/g) to calculate
images of standardized uptake value (SUV). The region was considered to
be abnormal when the SUV was greater than 2.5 (67).

MRI. MRI was performed to enable MRI-guided stereotaxic surgery and
evaluation of graft size after transplantation and for the analysis of PET
data, using a 3-Tesla MRI scanner (Signa LX VAH/I, GE Healthcare). We
obtained 3D T1-weighted MRI images from each animal with an IR-FSPGR
sequence with imaging parameters as follows: TR = 9.4 ms, TE = 2.1 ms,
TI = 600 ms, matrix = 128 x 128, field of view = 99.8 mm, slice thickness =
0.7 mm, number of slices = 100.

Immunohistochemical analysis of engrafted striatum. Nine months after
transplantation, animals were sacrificed by overdose of pentobarbital and
perfused transcardially with 4% paraformaldehyde in 0.1 M PBS. Brain
tissues were cut into 10-um-thick frozen coronal sections at the level
of the posterior striatum (from y = -7 to -9 mm) using a cryostat. Pri-
mary antibodies used for immunohistochemistry were as follows: NeuN
(1:150; Millipore), TH (1:1,200; DAKO), DAT (1:1,000; Millipore), GIRK2
(1:1,000; Chemicon, Millipore), calbindin (1:50; Swant), and Ki-67 (1:400;
Thermo Scientific). Secondary antibodies were anti-rabbit IgG conjugated
to Alexa Fluor 488 (Invitrogen), anti-rat IgG conjugated to Alexa Fluor
488 (Invitrogen), or anti-rabbit and anti-rat IgG conjugated to Cy3 (Jack-
son ImmunoResearch Laboratory). For triple staining for DAT/GIRK2/
calbindin, calbindin was visualized using a anti-mouse IgG antibody
conjugated to Alexa Fluor 680 (Invitrogen). Costaining with DAPI was
also performed to confirm nuclear staining. For quantitative analysis, we
chose 3 coronal sections, approximately located at y =-5,-7, -9 mm, and
randomly selected 79-124 fields of view with an area of 0.316 x 0.316
mm? within the dorsal posterior putamen, and counted the number of
cells stained for NeuN, TH, or DAT. The counts were compared among
sections of striatum that received engraftments (MSC-DP group), those of
sham-operated striatum (sham group), and those from the contralateral
side of the striatum (non-MPTP-treated group) of sham-operated ani-
mals (nonaffected group). For counting TH* terminal density, images
captured under a x20 objective lens were imported into Image] (htep://
rsbweb.nih.gov/ij/}); thereby, color was decomposed into red, green, and
blue and thresholded for red based on the automatic isodata algorithm.
To estimate the number of TH* terminals, the numbers of red particles,
with sizes of >4 and <2,000 pixels (corresponding to >4 um? and <4 x 106
um?), were counted. The data were expressed as the number of cells or
axonal terminals per area (mm?).
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Statistics. Values are expressed as mean + SEM. For immunohistochemistry
and behavioral tests, data were analyzed using ANOVA. Differences among
means were further analyzed by post-hoc multiple comparisons. The
threshold for statistical significance was P < 0.05. Statistical analysis was
performed using PRISM software (GraphPad Software Inc.).

For "'C-CFT PET images, BPnp images were preprocessed for voxel-based
statistics using a previously described method (62). Briefly, the PET images
were co-registered with MRI images (obtained at the time closest to the
PET scan) using a rigid body transformation and transformed to the stan-
dard brain space of cynomolgus macaque (31). The transformation matrix
of MRI images to the standard space was determined by an affine transfor-
mation algorithm. Voxel-based statistics were performed using a nonpara-
metric permutation test (68) with 1-way ANOVA with repeated measures
of BPyp in the engrafted group. Permutation was performed within data
from each subject, respecting the repeated-measures structure of the data.
We are interested in the statistical F contrast for the effect of time in which
FWE-corrected P values of less than 0.05 were applied using a threshold-
free cluster enhancement (69). The significant cluster thus obtained (see
Figure 3C) was used as a ROI for subsequent analyses (Figure 3, D-F). We
also obtained BPyp values from the contralateral (nonaffected) dorsal
putamen as a control for BPnp values, by ROI flipping (left-right) of the
above cluster. The control values for BPnp were 0.56 + 0.12 (95% confi-
dential interval, 0.51-0.61) in the engrafted group and 0.63 = 0.11 (95%
confidential interval, 0.59-0.67) in the sham group. Image analysis was
performed using FSL tools (http://www.fmrib.ox.ac.uk/fsl).

The 1-hit model of neurodegeneration with a constant risk (32) was fit-
ted to the time course data using BPxp values obtained from the ROI in
the engrafted striatum or using the graft volume of naive MSCs obtained
from Figure 1 in ref. 13. The actual equation for the model was Vg = Vj x
exp(~In[2] x t/Tyj2) + Vp, where the V is the time course of graft BPnp or
volume; Vpis the initial value for Vi; exp is the exponential function; ¢ is the
rime after grafting; T/, is a half-life period; and Vp is plateau. Nonlinear
fitting was performed using PRISM software.

Study approval. The experimental protocol and design of the study were
in line with the institutional guides for animal experiments and the NIH
Guide for the Care and Use of Laboratory Animals (NTH Publication No.
80-23) and were approved by the institutional committee for animal care
and experiments of Tohoku University, RIKEN, and the National Cerebral
and Cardiovascular Center.
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Quantification of collagen and elastic fibers using whole-slide
images of liver biopsy specimens
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Histological evaluation of fibrosis after a liver biopsy is
crucial for evaluating the pathology of patients with chronic
liver disease. Previous studies have reported quantitative
analyses of fibrosis using images of collagen-stained sec-
tions. However, analysis of these studies requires manual
selection of the region of interest. In addition, the quantifi-
cation of elastic fibers is not considered. The present study
was conducted in order to measure both the collagen and
elastic fiber area ratios using Elastica van Gieson-stained
whole-slide images (WSIs) of liver biopsy specimens.
High-resolution WSIs provide precise color classification,
enabling accurate detection of even fine collagen and
elastic fibers. To minimize the influence of pre-existing
fibrous tissue, median area ratios of the collagen and elastic
fibers were independently calculated from the image tiles of
the WSIs. These median area ratios were highly concordant
with area ratios after the pre-existing fibrous tissues were
manually trimmed from the WSI. Further, these median area
ratios were correlated with liver stiffness as measured by
transient elastography (collagen: r=0.73 [P < 0.01], elastic:
r=0.53 [P < 0.01]). Our approach to quantifying liver fibro-
sis will serve as an effective tool to evaluate liver diseases
in routine practice.

Key words: collagen, computer-assisted image analysis,
elastin, elastography, liver fibrosis, whole-slide image

Evaluation of liver fibrosis in patients with chronic liver
disease is crucial for understanding the disease state, pre-
dicting prognosis and selecting the appropriate treatment.’?
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Although the efficacy of biochemical methods®*® and tran-
sient elastography for measuring liver stiffness’” has been
demonstrated, histopathological evaluation of liver biopsy
specimens remains the gold standard. At present, histo-
pathological evaluation of fibrosis using liver biopsy speci-
mens is performed by a pathologist who stages specimens
by identifying the location, degree.and pattern of fibrosis,
presence of architectural distortion, and regenerative nodule
formation. This staging is completely dependent on the expe-
rience of the observer, and there is intra- as well as inter-
individual variation in this respect." To overcome these
issues, quantification by imaging analysis has been sug-
gested for evaluating the degree of liver fibrosis.®'” In these
studies, collagen fibers were extracted from the histological
image of the liver biopsy specimen, and the area occupied by
the fibers relative to the area of the entire tissue specimen
was quantified as a ratio. However, most of the proposed
quantification methods still need an observer to define the
region of interest or trim pre-existing fibrous tissue such as
skin, muscle, or a large blood vessel.®'* An increase in
collagen deposition is involved in the progression of liver
fibrosis. Deposition of elastic fibers is also reportedly
increased, particularly in late stages of the disease.'®2' Thus,
evaluation of elastic as well as collagen fiber deposition is
crucial for the accurate evaluation of fibrosis progression;
however, to our knowledge, no method that simultaneously
quantifies both fibers has been reported to date.

The whole-slide imaging system, which is popular in tele-
pathology and education, enables an entire tissue section to
be digitized at a high resolution within minutes and saved as
a whole-slide image (WSI).222* Once the WSI is stored as
digital data, it is easy to obtain individual pixel color values,
and WSIs can be used for several applications including
morphometrical analysis.?>2% The purpose of this study is to
develop an effective method to quantify liver fibrosis using
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the WSIs of liver biopsy specimens. We established a
method that simultaneously quantifies the collagen and
elastic fiber area ratios in Elastica van Gieson (EVG)-stained
liver biopsy tissue specimens. Further, the area ratios were
compared with liver stiffness as measured by transient elas-
tography. This method of quantifying liver fibrosis using WSIs
may become important in the future as a technique for assist-
ing with pathological diagnosis.

METHODS
Samples

Liver biopsy specimens were collected from 38 chronic viral
hepatitis patients (37 with chronic hepatitis C virus, and one
with chronic hepatitis B virus) from four medical facilities.
After obtaining the informed consent, we measured the liver
stiffness by using FibroScan (Echo-Sens, Paris, France). The
stiffness of the right lobe of the liver was measured by placing
a probe tip into the intercostal space at a depth of 2.5-6 cm
from the skin surface. Liver stiffness was measured 10 times,
and the median value of these 10 measurements was used
for each patient.

EVG staining

The liver biopsy specimens were formalin-fixed and paraffin-
embedded. The specimens were then sliced to a thickness of
3 um and stained with EVG. A WSI of each specimen was
acquired using the NanoZoomer 2.0HT (Hamamatsu Pho-
tonics K.K., Hamamatsu, Japan) at a x 20 objective lens
equivalent to 0.46 pm/pixel.

Quantification of fibrosis using WSI analysis

The WSI pixels were classified into five classes correspond-
ing to four tissue components: collagen fibers, elastic fibers,
nucleus, cytoplasm, and one non-tissue component (i.e.
glass slide). The training data points, which were extracted
from the portal and periportal areas in the WSI, were sampled
for at least 30 points for each class. The color distributions of
the five classes were analyzed in RGB color space, wherein
the color analyses were done for all specimens. Subse-
quently, a quadratic discriminant function based on the color
distribution®® was applied in order to label each WSI pixel
appropriately.

The area ratio of each tissue component is the sum of
pixels for each tissue component divided by the total number
of pixels of the four tissue components. The median area
ratios of collagen and elastic fibers were also calculated. An

image-processing program was developed using MATLAB
(The MathWorks, Inc., Natick, MA, USA) for image analysis.

Statistical analysis

Relationships between measurement values were analyzed
using the Spearman’s rank correlation coefficient test. All
P-values were two-tailed, and values less than 0.05 were
considered statistically significant. Analyses were carried
out using SPSS software (version 19.0; SPSS Inc., Chicago,
IL, USA).

RESULTS

The evaluated liver biopsy specimens had an average length
of 16.3 mm (SD = 3.2 mm) and an average width of 1.0 mm
(SD = 0.3 mm). This is equivalent to an average of 77 mega-
pixels (SD =36 mega-pixels) in WSIs. The time required
for analysis was approximately 6.3 min (SD = 3.3 min) per
biopsy specimen.

Color classification of EVG-stained tissue specimens

The training data points for five classes were from the portal
and periportal areas on the WSI of EVG-stained liver biopsy
specimens (Fig. 1a). The extracted training data points were
plotted in RGB color space (Fig. 1b). Five classes of the data
points in all liver biopsy specimens were individually distin-
guishable in the three-dimensional color space. The compo-
sition of the color distribution of the five classes was different
among the biopsy specimens, therefore, the quadratic dis-
criminant function was designed based on the training data
points in each liver biopsy specimen and applied to deter-
mine the color classification of the pixels. As a result, every
pixel on the WSis of all liver biopsy specimens was success-
fully labeled in the appropriate classes (Figs S1,S2). Figure 2
shows that even fine collagen and elastic fibers could be
extracted from portal and periportal areas.

Measurements of the area ratios of tissue components
on WSis

The area ratio of each tissue component could be calculated
from the labeled pixels. The average area ratios of colla-
gen, elastic fibers, nucleus and cytoplasm in all biopsy speci-
mens were 11.3% (SD =5.1%), 3.8% (SD =2.7%), 11.8%
(SD=5.0%) and 73.1% (SD =8.7%), respectively. Repre-
sentative WSIs and classification results of liver biopsy speci-
mens with mild fibrosis and severe fibrosis are shown in

© 2013 The Authors
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Figure 1 Sampling and
color  distribution.  (a)
Colored squares indicate
training data points for
five classes in the portal
and periportal area (250 x
250 um?). (b) Color distri-
bution of the data points
in RGB color space. Each
color represents a class:
collagen fiber (CF), red;
elastic fibers (EF), blue;
cell nuclei (N), yellow; cyto-
plasm (C), green; glass
slide (G), white.

Figure 2 Color image and classification
result in the portal and periportal areas
(1x1mm?). In the color classification
result, collagen fibers, elastic fibers,
nuclei, cytoplasm, and glass slide were
red, blue, yellow, green, and white, respec-
tively. Scale bar, 0.2 mm.

Quantification of liver fibrosis by WSI 307

Figure 3 Measurements of area ratio
on the whole-slide image. Representative
whole slide images (WSIs) and classifica-
tion results of liver biopsy specimen with
mild fibrosis (a,b) and with severe fibrosis
(c,d). The percentage indicates area ratio
of each tissue component.

Figure 3a—d. The area ratios of collagen, elastic fibers,
nucleus, and cytoplasm were 6.2%, 2.2%, 10.6%, and
81.0%, respectively, for mild fibrosis. The area ratios for
severe fibrosis were 16.7%, 4.6%, 8.5%, and 70.2%, respec-
tively. The area ratios of collagen as well elastic fibers were
higher for patients with severe fibrosis than for those with
mild fibrosis.

© 2013 The Authors

CF:6.2%, EF: 2.2%, N:10.6%, C: 81.0%

CF:16.7%, EF: 4.69%, N:8.5%, C:70.2%

Median area ratios of collagen and elastic fibers

Previous papers reported that pre-existing fibrous tissue,
such as muscle and large blood vessels (enclosed by the
dotted line in Fig. 4a), should be trimmed from the WSI
prior to implementing image analysis.®® The measurements
show that without trimming the pre-existing fibrous tissue,

Pathology International © 2013 Japanese Society of Pathology and Wiley Publishing Asia Pty Ltd
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CF:15.0%, EF : 4.8%, N :8.3%,C:71.9%
Trimming pre-existing fibrous tissue
CF: 8.9%, EF:2.9%, N:9.6%, C:786%

i ¥ L) i
- Median area ratio .
of collagen fiber = 80 %

Figure 4 Median area ratios of collagen
and elastic fibers. (a,b) Whole-slide image
(WSI) and classification result of the liver

biopsy specimen with mild fibrosis. (c,d)

H 1 1
* Median area ratio
of elatic fiber =24 %

Median area ratios of collagen and elastic
fibers, respectively, when the classification
result was divided into 1 x 1 mm?. Black
numbers indicate area ratios of each fiber
for any tiles where the tissue area occu-
pied at least 20% of the tile area. The red
number was the median area ratio of each

fiber. Scale bar, 1 mm.

Table 1 Correlation between the median area ratio and area ratio after timming the pre-existing fibrous tissue from the whole slide image

Tile size (mm?) 0.012 0.25? 0.50% 0.75? 1.00? 1.252 1.502
Spearman’s rank correlation coefficient
Collagen fiber 0.79** 0.94** 0.98** 0.97* 0.98* 0.95* 0.93*
Elastic fiber 0.59** 0.87** 0.93** 0.93** 0.95* 0.92** 0.88**
**P<0.01.

the area ratios of collagen and elastic fibers were 15.0%
and 4.8%, respectively. After trimming, the area ratios of
collagen and elastic fibers were 8.9% and 2.9%, respec-
tively (Fig. 4b).

We then calculated the median area ratios of collagen and
elastic fibers from the image tiles of WSI (Fig. 4c,d). The WS
was divided into small tiles of 1 x 1 mm?2. Then area ratios of
each fiber on any tile, where the tissue area occupied at least
20% of the tile area, was calculated. The median area ratios
- of collagen and elastic fibers were determined as 8.0%
(Fig. 4c) and 2.4% (Fig. 4d), respectively.

In order to determine the appropriate tile size, correlation
between the median area ratios in other tile sizes and the
area ratio after trimming were evaluated for all 38 liver biopsy
specimens (Table 1). When the tile size was 1 x 1 mm?, the

median area ratios of the fibers correlated with the area ratio
after trimming most strongly.

Relationship between the area ratio of fiber and
liver stiffness

Correlation between the median area ratio of each fiber and
liver stiffness measured by transient elastography was eva-
luated (Fig. 5a,b). Liver stiffness correlated well with the
median area ratios of both types of fibers using a tile size of
1x 1 mm? (collagen fiber: r=0.73 [P < 0.01]; elastic fiber:
r=0.53 [P < 0.01]), as well as the area ratios after trimming
pre-existing fibrous tissue off from WSI (collagen fiber:
r=0.73 [P<0.01], elastic fiber: r=0.51 [P <0.01]). Liver

© 2013 The Authors
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stiffness showed better correlation with the median area
ratios of both fibers than with the area ratios including pre-
existing fibrous tissue (collagen fiber: r=0.62 [P < 0.01],
elastic fiber: r=0.44 [P < 0.01)).

DISCUSSION

Our color classification technique successfully labeled the
WSI pixels of EVG-stained liver biopsy specimens in the
appropriate classes (collagen, elastic fibers, nucleus, cyto-
plasm, and glass slide). Even fine collagen and elastic fibers,
associated with chronic hepatitis, were accurately detected.
Our results suggest that the precise recognition of tissue
components in WSIs could identify not only portal fibrosis in
patients with chronic viral hepatitis, but also fine pericellular
fibrosis in those with alcoholic and non-alcoholic fatty liver
diseases.

Pre-existing fibrous tissue such as skin, muscle and large
blood vessel affects the accuracy of liver fibrosis measure-
ments.® Previous studies have reported that the area ratio of
collagen fiber was calculated after trimming pre-existing
fibrous tissue from WS1.8° Our study indicates that the trim-
ming step could be avoided by calculating the median area
ratios of collagen and elastic fibers from the image tiles of
WSI. This approach can minimize the human factor and
serve to establish an objective and automated quantification
method. This type of image processing is one of the advan-
tages of WSI analysis. We believe that more beneficial and
useful algorithms will be developed in the near future.

Liver stiffness measured by transient elastography has
been reported to correlate with the liver fibrosis stages.” Our
results show that liver stiffness had a better correlation with
the median area ratios of fibers than with the area ratios of
fibers, including pre-existing fibrous tissue. This result sug-
gests that the median area ratio of each fiber increases the
correlation with liver stiffness and reflects the progression of
liver fibrosis quantitatively. The liver stiffness, especially, cor-
related better with the median area ratio of collagen fiber than
with the median area ratio of elastic fiber, probably due to an

© 2013 The Authors

increase in elastic fiber in the late stages of the disease.'®?
Itis also possible that liver stiffness may relate to the width or
density of fibrous septa.*® However, we need to integrate
other algorithms or densitometric method in order to measure
those parameters and illuminate their relationships. The
quantification of collagen and elastic fibers in a large number
of cases would contribute to the understanding of the
mechanism of fibrosis progression associated with chronic
liver disease with different etiology, and would help to evalu-
ate clinical usefulness.

In conclusion, a method for 'simultaneously quantifying
collagen and elastic fibers was developed using WSIs of
EVG-stained liver biopsy specimens. Median area ratios of
collagen and elastic fibers obtained from the image tiles
of WSIs were found to be correlated with liver stiffness mea-
sured by transient elastography. This enabled more accurate
quantification of liver fibrosis than the area ratio of each fiber,
including pre-existing fibrous tissue. Our approach of quan-
tifying liver fibrosis will serve as a useful tool to effectively
evaluate liver diseases in routine practice.
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Figure S1 Whole slide images (WSIs) of liver biopsies from
38 chronic viral hepatitis patients.

Figure S2 Color classification results for WSls.
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ARTICLEINFORMATION ABSTRACT

Article Chronology: The leucine-rich repeat containing G protein-coupled receptor 5 (LGR5), also known as GPR49, is
Received 28 june 2012 a seven-transmembrane receptor that is expressed in stem cells of the intestinal crypts and hair
Received in revised form follicles of mice. LGR5 is overexpressed in some types of human cancer, and is one of the target
11 October 2012 genes of the Wnt signaling pathway. To explore the function of LGR5 in cancer cells, stable
Accepted 26 October 2012 hepatocellular carcinoma (HCC) cell lines expressing FLAG-tagged LGR5 were established.
Available online 2 November 2012 Overexpression of LGR5 resulted in changes in cell shape from an extended flat (mesenchymal)
Keywords: phenotype to a round aggregated (stem cell-like) phenotype. Cells transfected with LGR5
LGRS showed higher colony forming activity, and were more resistant to a cytotoxic drug than cells
GPR49 transfected with empty vector. Overexpression of LGR5 inhibited cell motility. LGR5-transfected
Hepatocellular carcinoma cells formed nodule type tumors in the livers of immunodeficient mice, whereas empty vector-
Morphology transfected cells formed more invasive tumors. Down-regulation of LGR5 changed the
Motility morphology of HCC cells from the aggregated phenotype to an extended spindle phenotype,

and cell motility was increased. This is the first study reporting the functional role of LGR5 in
the biology of HCC cells, and the results suggest that aberrant expression of LGR5 regulates
epithelial cell phenotype and survival.

© 2012 Elsevier Inc. All rights reserved.

Introduction ankyloglossia [1]. LGR5 deficiency also induces premature differ-

entiation of Paneth cells [2]. Recent studies from the Netherlands
The leucine-rich repeat-containing G protein-coupled receptor showed that in a mouse model, the homolog of this gene was a
5 (LGRS5), aliases G protein-coupled receptor 49 (GPR49), FEX, marker of intestinal and hair follicle stem cells. Introduction
GPR67, GRP49, HG38, MGC117008, is structurally related to of an adenomatous polyposis coli (APC) mutation into LGR5-
members of the glycoprotein hormone receptor family. In mice, expressing cells increased the incidence of adenomas in mouse
deficiency of this gene causes neonatal lethality as a result of intestinal epithelial cells [3-5].
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LGR5 has been reported to be upregulated in several tumors.
We have previously shown that expression of LGR5 in the
noncancerous liver was very low, however LGR5 is frequently
overexpressed in hepatocellular carcinoma (HCC) with B-catenin
mutations [6]. Although mutations of B-catenin are found in
nearly 40% of HCC, the LGR5 has not been reported as the marker
of hepatocyte, nor mentioned as a marker gene for liver
regeneration. LGR5 also has been identified as a gene responsible
to promote cell proliferation and tumor formation in basal cell
carcinoma (BCC), a common malignant tumor of the skin [7].
High levels of LGR5 expression were also reported in colon and
ovarian carcinomas [8], and we have shown that a high level of
LGRS expression in colorectal cancer was significantly correlated
with tumor stage [9]. One study using colorectal cancer cell lines
showed that suppression of LGR5 expression enhances tumor-
igenesis and is linked to a more mesenchymal phenotype [10].

There are some evidences suggest that LGR5 is a downstream
target gene of Wnt signaling pathway [2,6,11,12]. The Wnt
signaling pathway comprises a vast number of protein interac-
tions and plays a critical role in morphogenesis and tumorigen-
esis. To date, three main pathways related to Wnt signaling have
been identified: the B-catenin-dependent, planar cell polarity,
and Wnt/Ca®* pathways [13]. The B-catenin-dependent pathway,
otherwise known as the canonical pathway, has been the most
intensively studied. Mutations or deletions in AXN1/2 or APC
genes inhibit the phosphorylating activity of GSK-3f, thereby
stabilizing cytoplasmic B-catenin, and provoking aberrant cellu-
lar gene expression. Mutations at sites that affect $-catenin
phosphorylation also cause cytoplasmic accumulation of
B-catenin and lead to dysregulation of the pathway. Recently,
LGR5 was reported to be a receptor of R-spondins which
were known to be a potent family protein mediating Wnt/-
catenin and Wnt/PCP signaling [11,12,14]. Acquirement of stem
cell-like properties in various tumors have greatly increased the
possible role of these cells in tumorigenesis [15,16]. Upregulation
of LGR5 in several tumors with increased Wnt signaling
pathway suggests the possible role of LGR5 gene in oncogenesis
and morphogenesis [6-9]. However, the functional role of LGR5
in tumor cells is still poorly understood. In this study, we
aimed to analyze the function of LGR5 in hepatocellular
carcinoma cells.

Materials and methods
Cell culture and chemicals

Cells were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum, 100 U/ml of penicillin and 100 pg/ml of strepto-
mycin [6,9]. HepG2 containing a deletion of exon 3 of the
B-catenin gene and PLC/PRF/5 containing a deletion of exon 4
of the AXIN1 were used as cell lines with activated Wnt signaling
and high levels of LGR5 mRNA[17]. KYN2 cells were used as a cell
line with low expression of LGR5 mRNA [6,9].

Plasmids, transfection, and establishment of stable
transfectants

A FLAG-tagged LGR5 expression vector (LGR5-FL) was con-
structed by inserting the full-length coding c¢cDNA for human

LGR5 (RZPD, Berlin, Germany) into the Bgl II site of p3XFLAG-
CMV-14 (Sigma-Aldrich, St. Louis, MO, USA). KYN-2 cells were
transfected with LGR5-FL or empty vector using Lipofectamine
LTX reagent (Invitrogen, Carlsbad, CA, USA). Production of LGR5-
FL protein was detected by confocal laser scanning microscopy
(LSM510, Carl Zeiss, Germany) and western blot analysis, using
the FLAG M2 antibody (Sigma-Aldrich). F-actin was stained with
TexasRed X-phalloidin (Molecular Probes, Eugene, OR, USA) and
nucleus was stained with VECTASHIELD Mounting Medium with
DAPI (Vector Laboratories Inc. Burlingame, CA, USA). Anti-
E-cadherin (ALX-804-201-C100, Enzo Life Sciences, Inc.) and
anti-B-catenin (E-5, Santa Cruz Biotechnology, Inc.) antibodies
were used for immunofluorescent staining. Colonies that formed
in 0.3% soft agar medium containing G418 (Invitrogen) were
picked and propagated. Each colony was purified by three
sequential series of limiting dilutions. Ultimately, six LGR5-
transfected clones (KY-B1, KY-G1, KY-G2, KY-G6, KY-F3, and
KY-S1) and five empty vector-transfected clones (KY-V2, KY-V3,
KY-V4, KY-V5, and KY-V6) were established. Protein levels were
analyzed by western blotting and mRNA levels were analyzed by
quantitative PCR. Canonical Wnt signaling activity was measured
with the TCF-luciferase reporter system (TOPflash/FOPflash,
Upstate Millipore Co.), and the results are shown as the ratio of
TOPflash to FOPflash (TOP/FOP).

Quantitative polymerase chain reaction (qPCR)

Total RNA was isolated from cells using the RNeasy Mini Kit,
including DNase treatment (Qiagen KK, Tokyo, Japan). cDNA was
synthesized using the PrimeScript® RT reagent kit (Perfect Real
Time; Takara Bio, Shiga, Japan), and qPCR was performed on a
Thermal Cycler Dice Real Time System using SYBR Premix Ex Tag™
(Perfect Real Time; Takara Bio). The primer sequences for qPCR
were as follows: GAPDH forward, 5'-ATCATCCCTGCCTCTACTGG-3';
GAPDH reverse, 5'-TTTCTAGACGGCAGGTCAGGT-3'; LGR5 forward,
5'-GAGGATCTGGTGAGCCTGAGAA-3'"; LGRS reverse, 5'-CATAAG-
TGATGCTGGAGCTGGTAA-3'; RSPO1 forward, 5-AAGGCTGTGAG-
CTCTGCTCT-3'; RSPO1 reverse, 5'-ATGTCGTTCCTCTCCAGCAG3'.
GAPDH was used as a reference. Fold induction values were
calculated using the 2°44 © method. All experiments were per-
formed in triplicate and repeated at least three times in separate
experiments; representative data are shown.

Cell proliferation, cell migration, and cytotoxicity assays

Cells were plated in 24-well dishes, and the number of cells was
counted in a hemocytometer after staining with trypan blue.
Ratio number of cells represents the total mean number of LGR5-
overexpressing cells or empty vector cells for each day compared
to the total mean number of cells at day 0. RNA interference
experiments were performed using siRNA. The target sequences
were as follows: LGR5-585, 5'~GAA CAA AAU ACA CCA CAUA-3;
LGR5-662, 5'-GAA UCC ACU CCC UGG GAAA-3'. AllStars Negative
Control siRNA (Qiagen) was used as a control. Cells were
transfected with the final concentration of 10 nM siRNA using
Lipofectamine RNAIMAX transfection reagent (Invitrogen).

For cytotoxicity tests, cells were treated with puromycin for
20h, washed with PBS and covered with growth medium
containing 0.3% agar. Cells were cultured for 2 weeks with
occasional replenishment of the medium. Colonies were stained
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with nitro blue tetrazolium reagent and photographed for
counting. For cell migration assays, cells were placed in six-
well dishes and incubated for two days. The confluent monolayer
cultures were scratched and photographed after 24 h. The width
of each scratch was measured at ten points and more than five
scratches were measured for each group. For RNA interference
assays, cells were transfected with siRNAs for 20 h and replated
in six-well dishes. The monolayer cultures that formed 24 h later
were scratched and photographed as described previously.

Tumor formation assays

Clones containing LGR5-FL or empty vector were transplanted
into the subcapsular region of the livers of NOG mice (NOD/Shi-
scid/IL-2y—/—) at 5x10°cells per mouse. The tumors that
formed in the liver were resected, fixed with 10% neutral-
formalin, and used for histological analysis. For metastasis
assays, cells were inoculated into the subcapsular region of the
spleens of NOG mice, and tumors that formed in the liver were
used for histological analysis.

Statistical analysis

Differences were assessed for statistical significance using
Student’s t-test, with the level of significance being P<0.05.

Results
Establishment of LGR5-overexpressing clones

To determine the function of LGR5 in cancer cells, stable clones
containing the LGR5 gene were established. We have tested
several commercially available anti-LGR5 antibodies, however,
we could not obtain good results in order to detect LGR5 protein
expression in HCC tissue. Thus, we constructed a FLAG-tagged
LGR5-expression vector (LGR5-FL), and production of the protein
was detected by immunofluorescence microscopy and western
blot analysis using anti-FLAG antibody. When LGR5-FL was
transfected into KYN-2 cells, the protein was localized mostly
in the cytoplasm and cytoplasmic membrane (Fig. 1A). To
establish stable clones, LGR5-FL or empty vector was transfected
into KYN-2 cells, and G418-resistant colonies that formed in soft
agar medium were purified by three series of limiting-dilution
propagations. Six clones stably transfected with LGR5-FL (KY-B1,
KY-G1, KY-G2, KY-G6, KY-F3, KY-S1) and five clones stably
transfected with empty vector (KY-V2, KY-V3, KY-V4, KY-V5,
KY-V6) were isolated. The LGR5 protein (~100 kD) was detected
by western bot analysis (Fig. 1B), and mRNA levels were
measured by qPCR (Fig. 1C). The KY-G1 and KY-S1 transfectants
expressed high levels of LGR5 protein and mRNA. The protein
and mRNA levels in each of the clones were well correlated, and
the same levels were maintained after several passages. Only the
results for three vector-transfectants are shown in Fig. 1B and C,
but the other clones showed similar results.

Phase contrast microscopy showed that LGR5-overexpressing
KY-G1 and KY-S1 cells had a round shape and aggregated
together, whereas KY-V2 and KY-V3 cells had a flat extended
shape and spread on the culture dishes (Fig. 1D). LGR5-
transfectants stacked up on the surface of the culture dishes,

whereas empty vector-transfectants formed flat monolayers
(Fig. 1E). Phalloidin staining showed strong F-actin signals
between KY-G1 cells (so-called cortical actin), whereas KY-V2
cells showed a flat extended shape with F-actin in the cytoplasm
(Fig. 1F). Distinct fluorescent signals of E-cadherin were
located between KY-G1 cells (Fig. 1G). Similar distribution of
B-catenin was also seen in KY-G1 and KY-V2 cells, respectively
(Fig. 1H). Accumulation of B-catenin in nuclei which is often seen
in cell with activated Wnt signaling could not be detected in
LGR-5 overexpressing KY-G1 cells. Non-adherent cultures of
KY-G1 cells formed spherical shapes and most of the cells in
the center survived intact, whereas KY-V2 cells formed irregular
spheres and some of these had a necrotic area at the center
(Fig. 1G).

Overexpression of LGR5 promotes HCC cell viability,
enhances colony formation, and decreases cell motility

The rates of proliferation of KY-G1 and KY-V2 cells were identical
until cell numbers reached a maximum, however, KY-G1 cells
survived longer in overgrowth conditions (Fig. 2A). Substantial
numbers of KY-G1 cells survived after two weeks in overgrowth
culture, whereas KY-V2 cells detached from the surface of the
dishes and only a small proportion of cells survived in over-
growth culture (Fig. 2B). In addition, KY-G1 cells were more
resistant to the toxicity of puromycin (Fig. 2C), and also formed
soft agar colonies more efficiently than KY-V2 cells (Fig. 2D). The
motility of the cells was measured by performing scratch tests on
confluent cell cultures. Retardation of cell migration was
observed as early as 5h in KY-G1 cells (data not shown), and
scratch scars were repaired more rapidly at 24 h in KY-V2 cell
cultures than in KY-G1 cell cultures (Fig. 2E). The reduction
ability of LGR5-overexpressing cells to migrate after scratch
wound assay was also previously reported in colorectal carci-
noma cell lines [10}].

LGR5-overexpressing HCC cells forms nodular tumors
with decreased infiltration and metastatic foci

To further evaluate the function of LGR5 in vivo, KY-G1 or KY-V2
cells were transplanted into the subcapsular region of the livers
of NOG mice. KY-G1 cells formed tumors with trabecular pattern
in the liver, while KY-V2 cells formed tumors with ill trabecular
pattern (Fig. 3A a, b). Expression of LGR5-FL was detected in the
tumors formed by KY-G1 cells but not in the tumors formed by
KY-V2 cells (Fig. 3A a, b inserts). Reticulum staining showed a
trabecular pattern in the KY-G1 tumors, whereas a solid pattern
was observed in the KY-V2 tumors (Fig. 3A ¢, d). Infiltration into
the vicinal muscle tissues was rare in the tumors formed
by KY-G1 cells, but occasionally seen in the tumors formed by
KY-V2 cells (Fig. 3A e, f). When KY-G1 cells were transplanted
into the subcapsular region of the spleen, the number of
metastatic foci in the liver, and the number of micrometastases
into the portal veins was lower, compared with transplantation
of KY-V2 cells (Fig. 3B a-c). In addition, tumors formed by KY-V2
cells showed a wider area of hemorrhagic necrosis compared
with those formed by KY-G1 cells.
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Fig. 1 - Establishment of LGR5-overexpressing clones. A: Inmunofluorescent staining of KYN-2 cells transiently transfected with
LGR5-FL or empty vector. Cells were stained with anti-FLAG antibody. Green: LGR5. Red: F-actin. Blue: nuclei. Bar, 50 pm. B:
Western blot analysis of LGR5-overexpressing clones (KY-B1, KY-G1, KY-G2, KY-G6, KY-F3, KY-S1). KY-V2, KY-V3 and KY-V5 were
stable transfectants containing empty vector. Blots were stained with anti-FLAG antibody (upper) or anti-p-actin antibody
(lower). C: Expression of LGR5 mRNA in stable transfectants. Relative LGR5 mRNA level was shown as fold increase when the
average level of non-transfected KYN-2 was set at 1. D: Morphology of clones containing LGR5-FL (KY-G1 and KY-S1) or empty
vector (KY-V2 and KY-V3). (Bar, 100 pm) E: Vertical sections of 3-day cultures. KY-G1 and KY-V2 cells were embedded in EPON
resin and sliced sections were stained with toluidine blue. F: Distribution of F-actin. F-actin was visualized by staining with
phalloidin. Bar, 100 pm. G: Localization of E-cadherin (Green: E-cadherin, Blue: nuclei, Bar, 50 pm). H: Localization of f-catenin
(Green: E-cadherin, Blue: nuclei, Bar, 50 pm). I: Morphology of non-adherent cultures of KY-G1 (a, b) and KY-V2 (c, d).
Photographs show phase contrast microscopy (a, c. Bar, 200 pm) and HE staining of paraffin embedded sections (b, d. Bar,

500 pm). E-I: KY-G1 (left column), KY-V2 (right column). (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

Down-regulation of LGR5 in HCC cells transforms cells to a
loosely associated morphology and increased cell motility

To determine whether the characteristics of the KY-G1 cells were
indeed due to the expression of higher levels of LGR5, we
examined the effect of down-regulating LGR5 using siRNA.

HepG2 cells were transfected with two siRNA sequences (si585
and si662) and LGR5 mRNA levels were analyzed by qPCR. LGR5
mRNA levels were significantly decreased 24-96 h after transfec-
tion of siRNAs against LGR5 (Supplementary Fig. 1; only 48 h
data is shown). si662 suppressed expression of LGR5 more
efficiently than si585, and similar results were obtained with
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