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previously.3# Colony PCR to examine the expression of
Bmil, Ink4a, and Arf was also performed.?

Western Blotting

Cells transduced with the indicated retroviruses
were selected by cell sorting for EGFP expression and
subjected to Western blot analysis using anti-Bmil
(F6; Upstate Biotechnology), anti-B-catenin (clonel4;
BD), anti-cyclin D1 (DCS-6; BD), anti-c-Myc (9E10;
Santa Cruz Biotechnology, Santa Cruz, CA) or antitu-
bulin (Ab-1; Oncogene Science, Cambridge, MA) anti-
bodies.

Luciferase Assay
pTOPFLASH or pFOPFLASH (Upstate Biotechnol-
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or suppression of the Tcf-reporter plasmid. Luciferase
assays were performed using the Dual Luciferase Reporter
Assay System (Promega, Madison, WI). Relative luciferase
activities were calculated as the ratio of pTOPFLASH to
pFOPFLASH.

Cell-Cycle Analysis

Cells transduced with the indicated retroviruses
were fixed with 70% ethanol in phosphate-buffered saline
and stained with 50 pg/mL of propidium iodide. Cell-
cycle analyses were performed on a FACSCalibur (BD).

Anchorage-Independent Colony Formation
Assay
A rotal'of 5 X 10* cells originating from H-CFU-Cs

ogy) was used to determine the transcriptional activation ~ transduced with the indicated retroviruses were sus-
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Figure 4. Effects of forced expression of Bmi7 and constitutively active B-catenin. (4) Single colonies at day 42 in Figure 1E were clonally sorted into
microtiter plates, and the number of secondary colonies generated per 960 clone-sorted cells were counted. The number of colonies derived from
single primary colonies expressing EGFP, Bmi1, and mutant B-catenin was 39.4 + 9.6, 108.5 = 16.9, and 122.0 + 27.4, respectively. These resuits
are representative of 3 independent experiments (scale bar, 50 um). *Statistically significant (P < .05). (8) Immunocytochemical analyses of
secondary colonies generated in Figure 4A revealed that >85% of colonies consisted of bilineage cells. (C) An increase in the number of bipotent cells
(vellow) expressing both albumin (red) and CK7 (green) was observed in secondary colonies expressing Bmil or active B-catenin compared with the
contral (scale bar, 50 um). (D) TOP/FOP luciferase reporter assays showed that the Tcf-reporter activity in H-CFU-C colonies was increased by
transduction of mutant B-catenin, but not of Bmi1. The TOP-to-FOP ratio in cells derived from H-CFU-Cs transduced with EGFP, Bmit, wild-type
B-catenin, and mutant B-cateninwas 1.2 = 0.2, 1.1 £ 0.3, 1.7 £ 0.4, and 6.9 + 1.4, respectively. *Statistically significant (P < .05). (E) Colony PCR
showed that transduction of Bmi7 repressed the expression of p16M42 and p1947, In contrast, colonies derived from H-CFU-Cs transduced with
mutant B-catenin showed neither up-regulation of Bmil nor down-regulation of p16/a and p19-7.
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pended in 2.0 mL of 0.3% agar (Wako, Osaka, Japan)
supplemented with the culture medium. The cell suspen-
sion was layered over the botrom layer of 2.0 mL of 0.6%
agar. Colonies >100 um in diameter were counted in
triplicate dishes at day 21 of culrure.

Transplantation of Transduced Cells and

Histologic Analysts

A rotal of 2 X 106 cells derived from H-CFU-Cs
transduced with the indicated retroviruses were sus-
pended in Dulbecco Modified Eagle Medium/F-12 and
Matrigel (BD) (1:1) and injected into the subcutaneous
space of NOD/SCID mice (8-10 weeks old) under anes-
thesia, and tumor formation was monitored weekly for
18 weeks. The cells were also transplanted into the spleen
of mice that had undergone a parrial hepatectomy with
pretreatment with 20 mg/kg 2-acetylaminofluorene (AAF)
for 5 days as described previously.28:2° Paraffin-embedded
sections or frozen sections of murine tumors were
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stained with H&E. They were also stained with anti-EGFP
(BD Biosciences Clontech, Palo Alto, CA), ancialbumin,
and ant-CK7 as described previously.

Statistics
Data represent means * SEMs. Statistical differ-
ences between groups were analyzed using the Mann-

Whitney U test. Differences were considered significant at
P < .05

Results

Basal Expression and Propagation Effect of
Bmil or B-catenin in Hepatic
Stem/Progenitor Cells

To evaluate the role of Bmil and B-catenin in
hepatic stem/progenitor cells, CD45 Ter-119~ cells were
further fractionated into 4 subpopulations as follows:
CD29-CD49f~ cells (fraction 1), CD29*CD49f" cells
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Figure 5. Characterization of colonies derived from H-CFU-Cs transduced with wild-type g-catenin or mutant p-catenin at day 14 of culture.
{A) Immunocytochemical analyses showed that g-catenin was located in close proximity to the cell membrane in the control colonies. In addition, a
cytoplasmic distribution of B-catenin was also found in colonies expressing wild-type B-catenin. Moreover, both the cytoplasmic and nuclear
localization of B-catenin was observed in colonies expressing mutant B-catenin (scale bar, 50 wm). (8) The percentage of c-Kit"CD29+CD4gf+/ow
CD45-Ter-119 cells in H-CFU-C colonies transduced with EGFP, wild-type B-catenin, and mutant B-catenin at day 14 of culture was 0.9% * 0.2%,
1.0% = 0.2%, and 1.4% =+ 0.4%, respectively. (C) Westem blotting revealed that transduction of neither wild-type B-catenin nor mutant g-catenin

induce up-regulation of cyclin D1 and c-Myc.
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(fraction 2), c-Kit*CD29*CD49f*/1o~ cells (fraction 3),
and c-Kit"CD29*CD49f*/o¥ cells (fraction 4) (Figure 1A).
Real-time RT-PCR showed the expression of Bmil and
B-catenin to be significantly increased in fraction 4 com-
pared with the ocher 3 fractions (Figure 1B). Immunocy-
tochemical analyses confirmed that Bmil is expressed in
the nucleus of most of the fraction 4 cells. In contrast,
nuclear/cytoplasmic expression of B-catenin in approxi-
mately 60% of fraction 4 cells suggested limited activa-
tion of Wnt/B-cactenin signaling in these cells (Figure 1C).
Fraction 4, which represented approximately 2.0% of all
fetal liver cells, was rich in H-CFU-Cs, whereas the other
3 fractions (fractions 1-3) barely contained H-CFU-Cs
(Figure 14). Furthermore, the most primitive H-CFU-Cs
that kept growing and gave rise to large colonies were
exclusively present in fraction 4. To obtain new insight
into the self-renewal mechanisms of hepatic stem cells,
we conducted gain-of-function assays by overexpressing
either Bmil or constitutively active S-catenin. Retroviral
manipulation showed no significant differences in the
frequency of colony formarion at days 5 and 42 in culture
(Figure 1D). However, H-CFU-Cs expressing Bmil or mu-
tant B-catenin showed promoted proliferation and gave
rise to significantly larger colonies at day 42 than did
those of the control expressing EGFP (Figure 1E and F).
Notably, these colonies exhibited a “pile-up” appearance
in the central areas, indicating anchorage-independent
growth (Figure 1E) and were composed of a larger num-
ber of cells than were the control (Figure 1G). In contrast,
the colonies derived from H-CFU-Cs transduced with
wild-type B-catenin showed no morphologic changes (data
not shown). However, the other 3 fractions (fractions
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1-3) failed to form colonies during 14 days irrespective of
the transduction of Bmil or mutant B-catenin (Figure 1D).

Enbancement of Self-Renewal lity in

Hepatic Stem/Progenitor Cells Transduced

With Bmil or Mutant B-catenin

The colonies at day 42 in che control, Bmil, wild-
type B-catenin, and mutant B-catenin cultures were sub-
cultured. FACS and Western blot analysis showed that
most cells expressed EGFP, a marker for retrovirus inte-
gradon (Figure 2A). The expression of each gene was
verified by Western blot analysis (Figure 2B and C). The
secondary colonies generated exhibited similar character-

istics to each primary colony in terms of colony size and .

morphologic features (Figure 3).

We then clonally replated the colonies at day 42 into
960 microtiter wells to evaluate the content of H-CFU-Cs
in the primary colonies. The H-CFU-C frequencies in the
primary colonies were increased roughly 2.7- and 3.0-fold
by the forced expression of Bmil and mutant B-catenin,
respectively (Figure 4A). Immunocytochemical analyses
on single secondary colonies using a hepatocyte-specific
marker, albumin, and a cholangiocyte-specific marker,
CK7, indicated that >85% of colonies derived from clone-
sorted H-CFU-Cs transduced with the viruses consisted
of both albumin* cells and CK7* cells at day 14 of
culture (Figure 4B). The results of colony PCR for hepa-
tocyte and cholangiocyte lineage markers also showed
that the H-CFU-Cs overexpressing Bmil or mutant
B-catenin retain bipotent differentiacion potential (Sup-
plementary Table 1; see supplemental material online at
www.gastrojournal.org). Forced expression of Bmil or
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murtant B-catenin led to an increase in the proportion of
albumin*CK7" cells, which are purative bipotential pro-
genitor cells, compared with the control (Figure 4C).
Given that the cell numbers comprising the primary
colonies were 4.9- and 5.6-fold larger on Bmil and mu-
tant PB-catenin transduction, respectively (Figure 1G),
forced expression of Bmil and mutant B-catenin achieved
12.3- and 16.4-fold expansion of bipotent H-CFU-Cs dur-

~ ing the initial 42-day culture, respectively. These results

indicate thar forced expression of Bmil or mutant B-cate-
nin enhances self-renewal of hepatic stem/progenitor
cells in culture without affecting the bilineage differen-
tiation potential of the transduced hepatic stem/progen-
itor cells.

We were then interested in the relation between Bmil
and the Wnt/B-catenin signal as self-renewal regulators
of hepatic stem/progenitor cells. The TOP/FOP lucif-
erase assay revealed that the introduction of mutant
B-catenin actually activated the canonical Wnt/B-catenin
pathway, whereas thar of wild-type B-catenin or Bmil did
not (Figure 4D). Conversely, colony PCR showed that the
introducrion of mutant B-catenin did not augment Bmil
expression (Figure 4E). As reported,®® Bmil overexpres-
sion repressed the expression of pl6% and p1947
whereas the expression of mutant B-catenin had no effect.
These results indicate that Bmil and the Wnt/g-catenin
pathway independently regulate the self-renewal of he-
patic stem/progenitor cells.

Effects of Wnt/B-catenin Signaling on

Stemness Features

To clarify the functional significance of the Wnt/
B-catenin signaling, we first analyzed the subcellular dis-
tribution of B-catenin in H-CFU-C colonies expressing
EGFP, wild-type B-catenin, or mutant B-catenin. Immu-
nocyrochemical analyses revealed that B-catenin was lo-
caced in close proximity to the cell membrane in all cells
analyzed. In B-catenin-cransduced cells, it also distrib-
uted in the cyroplasm. As expected, however, it-was de-
tected in the nucleus only in the cells expressing mu-
tant B-catenin (Figure 54). Next, to address whether
the Wnt/B-catenin pathway is relevant to the mainte-
nance of stem/progenitor cells, FACS analyses of the
colonies derived from H-CFU-Cs transduced with in-
dicated viruses were performed. The percentages of
c-Kit~CD29*CD49f*/o*CD45-Ter-119~ cells showed a
slight increase in colonies derived from H-CFU-Cs ex-
pressing muranc B-catenin compared with those from
H-CFU-Cs expressing EGFP or wild-type B-catenin (Fig-
ure 5B). Although we estimated the expression levels of
cyclin D1 and c-Myc, well-known downstream targets of
Wnt/B-catenin signaling,>32 introduction of neither
wild-type nor mutant B-catenin into H-CFU-Cs altered
their expression in secondary colonies (Figure 5C).
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Figure 7. Loss-of-function analysis of Bmi1 and the Wnt/g-catenin
pathway. (A} Expression of shRNA against Bmi? resulted in an approx-
imately 9.0-fold decrease in endogenous mRNA expression of Bmif.
Luc indicates luciferase; *statistically significant (P < .05). (B) Knock-
down of Bmi1 markedly decreased the colony-forming capacity of H-
CFU-Cs. The number of H-CFU-C colonies expressing shRNA against
luciferase and Bmi1 was 44.2 * 5.6, and 11.0 = 4.4, respectively.
*Statistically significant (P < .08). (C) In H-CFU-C colonies expressing
shRNA against Bmi1, the number of bipotent cells expressing both
albumin (red) and CK7 (green) was also decreased (scale bar, 50 um).
(D) Real-time RT-PCR showed a nearly 5.0-fold increase in the mRNA
level of Axin in transduced cells (left panel). TOP/FOP reporter assays
also showed the successful repression of the Tef-reporter activity (ight
panel). *Statistically significant (P < .05). (E) Transduction of Axin did not
affect the colony-forming capacity of H-CFU-Cs. The number of H-
CFU-C colonies after transduction with EGFP or Axin was 43.5 + 6.5
and 38.1 + 7.8, respectively. (F) In H-CFU-C colonies expressing Axin,
the number of bipotent cells expressing both albumin {red) and CK7
(green) was maintained, but differentiation was slightly skewed to the
albumin* hepatocyte-lineage {red) (scale bar, 50 um).
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Flow Cytometric Analyses of the Cell-Cycle
Status

Next, cell-cycle status was analyzed in H-CFU-C
colonies transduced with the viruses together with chose
transduced with cyclin D1 and CDK4, positive regulators
of the cell cycle (Figure 6). Transduction of cyclin DI or
CDK4 into H-CFU-C colonies showed an increase in
number of cells in the S and G,/M phases compared with
the control. However, no significant change was observed
in cell-cycle status in the H-CFU-C colonies expressing
Bmil, wild-type B-catenin, or mutant B-catenin. These
results indicated chat overexpression of Bmil or B-cate-
nin does not affect the cell-cycle status of H-CFU-Cs.
Thus, as indicated in Figure 5C, up-regulation of the
expression of cyclin D1, one of the Wnt/B-catenin tar-
gets, which leads to promoted G,/S transition, is suppos-
edly not a key mechanism of the Wnt/B-catenin-medi-
ated biologic effects on H-CFU-Cs.

Essential Role of Bmil in Seg.:Renewal of

Hepatic Stem/Progenitor Ce.

To elucidate whether Bmil and the Wnt/B-cate-
nin pathways are essential for hepatic stem cell self-
renewal in culture, we performed loss-of-function assays.
Colonies derived from nontransduced H-CFU-Cs were
subcultured and transduced with Axin, an inhibitor of
the Wnt/B-catenin signal or shRNA against Bmil. Subse-
quently, the colonies were subjected to single-cell culture.
Expression of shRNA against Bmil resulted in an approx-
imately 4.0-fold decrease in H-CFU-C numbers (Figure

?
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74 and B), and the colonies generated were significantly
smaller cthan the control (Figure 7C). Immunocytochem-
ical analysis also showed a decrease in the number of
albumin*CK7* putative bipotent progenitor cells (Figure
7C). In contrast, although forced expression of Axin in
H-CFU-Cs significantly suppressed the Wnt/B-catenin
signal as evidenced by a decrease in Tcf-reporter activity
{Figure 7D), it had no significant impact on H-CFU-C
numbers (Figure 7E), the secondary colony size, or the
frequencies of bipotent cells in secondary colonies (Fig-
ure 7F). However, it somewhat skewed their differentia-
tion into the heparocyrte lineage (Figure 7F). This effect of
Axin on differentiation is reminiscent of that of B-cate-
nin antisense on embryonic liver cultures.3?

Neoplastic Transformation of Hepatic

Stem/Progenitor Cells in Culture and In Vivo

The “pile-up” appearance of the colonies express-
ing either Bmil or mutant B-catenin (Figure 1E)
prompted us to examine their anchorage-independent
growth in soft agar. In contrast to the control cells, nearly
8% of the cells expressing Bmil or mutant B-catenin
formed large colonies (Figure 8), indicating promoted
transformation of hepatic stem/progenitor cells in cul-
ture. To confirm these findings in vivo, we next injected
them into NOD/SCID mice (Figure 94). All mice trans-
planted with cells expressing either Bmil or mutant
B-catenin exhibited a similar course of tumor develop-
ment and died with symproms of cachexia within 18
weeks after the transplantation (Figure 9C). Intriguingly,

(@) Colony formation (%) >

Figure 8. Anchorage-independent colony forma-
tion in soft agar. (A) The percentage of anchorage-
independent colonies >100 um in diameter after
incubation for 21 days, that originated from
H-CFU-Cs transduced with Bmi1 or mutant g-cate-
nin, was 7.8 *= 0.6 and 8.1 * 0.8, respectively. The
data represent the mean = standard deviation of
triplicate samples. Scale bar, 100 um. (B-D) Cells
originating from H-CFU-Cs transduced with Bmi1
(C) or mutant B-catenin (D) generated much larger
colonies than did the control cells (B) (scale bar,
100 um).
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the histologic analysis of tumors derived from both Bmil-
and muctant Batenin-transduced H-CFU-Cs tevealed
nodular proliferation of undifferentiated cells (Figure 9D).
These cells showed evident nuclear atypia such as nuclear
enlargement, irregularities of the nuclear membrane, and
nuclear pleomorphism. Immunohistochemical analysis
revealed that the tumors consisted of parenchyma com-
posed of albumin* hepatocytes and glandular structures
composed of CK7* cholangiocytes (Figure 9D).

To directly address whether disrupted self-renewal of
hepatic stem/progenitor cells contributes to heparocarci-
nogenesis, the transduced cells were injected into the
spleen of NOD/SCID mice that had received a precondi-
tioning treatment consisting of AAF administration and
partial hepatectomy. The transplantation of cells origi-
nating from H-CFU-Cs expressing Bmil or mutant
B-catenin induced marked hepatomegaly with a large
number of tumor nodules in recipient livers at 8 weeks after
the injection (Figure 9B). Concrol cells expressing EGFP
efficiently contributed to the regeneration of recipient livers
as evidenced by a large number of EGFP*albumin* paren-
chyma cells and EGFP*CK7* ductlike structures (Figure
9E). However, tumor nodules that had originated from
H-CFU-Cs cransduced with Bmil or mutant B-catenin
were not encapsulated and had well-defined expansive
margins (Figure 9F). Unexpectedly, but importantly,
these tumors again displayed histopathologic character-
istics that mimicked those of subcutaneous tumors. The
tumors showed both the proliferation of albumin* cells
and CK7* ductlike structures corresponding to well-dif-
ferentiated cholangiocarcinoma (CC). The tumor con-
tained focal areas with hepatocyte-like polygonal cells
having an eosinophilic cytoplasm and importantly sev-
eral small nests of bipotent cells, expressing both albu-
min and CK7 simultaneously. Spindle-shaped undiffer-
entiated cells with the characteristics of sarcoma were
also observed in the tumors originating from Bmil-trans-
duced H-CFU-Cs. The 2 major components of the tumor,
HCC and CC, were intimately intermingled and exhibited
no clear border, which distinguished the tumor from so
called “collision tumor” consisting of HCC and CC.
Taken together, these tumors were diagnosed as com-
bined HCC and CC (cHCC-CC).

ENHANCED SELF-RENEWAL INITIATES LIVER CANCER 947

Discussion

An excessive and persistent self-renewal signal is
one of the key events in the inirial stages of carcinogen-
esis.>* This was clearly shown in the hematopoietic sys-
tem, in which oncogenic events, including breakpoint
cluster region-Abelson oncogene locus translocation and
the constitutive activation of signal transducer and acti-
vator of transcription 5, enhance the self-renewal of
HSCs and establish chronic myeloproliferative disor-
ders.3536 It is believed that rare transforming events tend
to occur in stem cells because they are the only cells that
self-renew throughout life. In fact, chere is increasing
evidence to support the idea that stem cells and their
immediate progeny are the primary targets of transfor-
mation.

In terms of hepatocarcinogenesis, it has traditionally
been believed that long-term, repeated injury and regen-
eration of damaged mature cells induce an accumulation
of multiple genetic or epigenetic alterations, which uli-
mately lead to cancer.37-3 However, the recent “cancer
stemn cell hypothesis” proposes the involvement of a mi-
nor population of cells with self-renewal capability in the
pathogenesis of a variety of cancers, including HCC.3*
Moreover, it is considered that the development of tu-
mors, at least in some cases of HCC, can be attributed to
the propagation of the stem/progenitor cell component
in hepatocarcinogenesis.*® Given the close association
between inflammation and carcinogenesis, it is reason-
able that chronic and persistent tissue injury such as
hepatitis viral infection might expand and activate the
stem cell pool, thus predisposing the patient to the ini-
tiation of cancer.*!

In the present study, using highly purified heparic
stem/progenitor cells and clonal analyses, we directly
demonstrated that disrupted self-renewal drives transfor-
mation of hepatic” stem/progenitor cells. We first con-
firmed that the 2 major self-renewal regulators of a broad
range of stem cells, Bmil and the Wnt/B-catenin signal-
ing pathway, also regulate the self-renewal of hepatic
stem/progenitor cells in culture. Intriguingly, their ef-
fects were specific to hepatic stem/progenitor cells and
did not enhance the colony-forming activity of the other
cell fracrions. These findings suggest that Bmil and ac-

Figure 9. Tumors derived from hepatic stem/progenitor cells. {A) Representative subcutaneous tumors (left panel, arrows) derived from 2 X 108
cells originating from H-CFU-Cs transduced with Bmi7 in NOD/SCID mice. The tumors were dissected 12 weeks after the injection of 2 X 108 cells
originating from H-CFU-Cs transduced with Bmi1 (right panel; scale bar, 10 mm). (B) Representative livers transplanted with 2 X 108 cells originating
from H-CFU-Cs transduced with either control fower} or Bmi1 (upper, scale bar, 10 mm). (C) H-CFU-Cs transduced with Bmi7 or mutant B-catenin
showed neoplastic transformation, which resuited in aggressive tumor growth. The tumor volume (left panel) and the survival curve of the recipient
mice (right panel) are presented. (D) The subcutaneous tumor cells originating from H-CFU-Cs transduced with 8Bmi7 or mutant g-catenin showed
pleomorphic and hyperchromatic nuclei. Immunohistochemical analysis revealed that the tumors consisted of albumin® parenchymal cells (red) and
CK7+ glandular structures (green, scale bar, 100 um). (E) Transplantation of EGFP* control cells contributed to the engraftment of albumin*
hepatocytes (upper panel) and CK7+ cholangiocytes (fower panel) (scale bar, 100 um). (F) The histologic features of the liver tumors were similar to
those of subcutaneous tumors. Proliferating albumin* cells (red) and CK7* (green) ductlike structures were intermingled. Clusters of cells expressing
both albumin (red) and CK7 (green) simultaneously were also observed in tumors (scale bar, 100 um).
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tive B-catenin promote stem cell self-renewal but do not
confer a growth advantage or self-renewal capacity on
cells with limited growth and differentiation potential.
Moreover, cell-cycle analysis revealed that the transduc-
tion of these 2 self-renewal regulators did not change the
overall cell-cycle status of hepatic stem/progenitor cells,
indicating that an accelerated cell-cycle progression,
which usually plays a crucial role in the oncogenic pro-
cess,*? is not a principal cause in this case. Increased
expression of the Bmil gene and activation of the Wnt/
B-catenin pathway are frequently observed in hepartoblas-
toma and HCC.}*2 The functional specificity of Bmil
and the Wnt/B-catenin in hepatic stem/progenitor cells
again support the notion that stem cells are one of the
major target cells of cancer development. Of note,-tumors
derived from H-CFU-Cs transduced with either Bmil or
mutant B-catenin exhibited similar histologic features. In
addition, nests and clusters consisting of cells expressing
both albumin and CK?7, which might represent hepatic
progenitor cells, were observed. Importantly, these histo-
logic features were quite reminiscent of those of human
c¢HCC-CC which is considered to be of stem/progenitor
cell origin.*0

Bmil has been well characterized as a self-renewal
regulator of HSCs and NSCs.? Its role in the self-renewal
of hepatic stem/progenitor cells was also evident in both
gain-of-function and loss-of-function experiments in this
study. Bmil is a potent negative regulator of the Ink4a/
Arf locus, which encodes a cyclin-dependent kinase in-
hibitor, p16'k%, and a tumor suppressor, p194%, and
regulates the cell cycle, apoptosis, and senescence.#® In
Bmil-deficient mice, the expression of Ink4s and Arf is
markedly increased, and deletion of the Ink4a/Arf locus
substantially restores the self-renewal capacity of HSCs as
well as NSCs.# Thus, Bmil regulates stem cell selfire-
newal by acting as a critical fail-safe mechanism against
the p16™4. and p19*f.dependent premature loss of
stem cells.**#¢ In the present study, overexpression of
Bmil markedly repressed expression of pléimk4a and
p194f in hepatic stem/progenitor cells. Importantly,
transcriptional disruption of the Ink4a/Arf locus is fre-
quently observed in the process of hepatocaricinogen-
esis.3738 Loss of functional p16™%42 and p19Af might lead
to excessive self-renewal of hepatic stem/progenitor cells,
thereby driving the initiation of cancer as we observed in
hepatic stem/progenitor cells overexpressing Bmil.

Gain-of-function of Wnt/B-catenin signaling also re-
sulted in successful expansion of hepatic stem/progeni-
tor cells. This result appears to be consistent with a
previous study showing that the nuclear translocation of
B-catenin elicited by fibroblast growth factors induces a
striking increase in the number of ¢-Kit* hepatic progen-
itors.*” Mutant B-catenin efficiently accumulated in the
nucleus. Although the expression of the Wnt/B-catenin
targets, cyclin D1 and ¢-Myc, remained unchanged in
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H-CFU-C colonies expressing mutant B-catenin, a similar
finding was reported in hyperplastic livers from mice
expressing mutant B-catenin transgene.*® Thus, the other
targets might be relevanc in the liver. In contrast, loss-of-
function of Wnt/B-catenin signaling caused by the ex-
pression of Axin did not affect the self-renewal of hepatic
stem,/progenitor cells. It is possible that overexpression of
Axin was not enough to repress Wnt/B-catenin signal
below the level which led to impaired stem cell function.
Another possibility would be that the Wnt/B-catenin
signaling is dispensable in a physiologic setting. Further
experiments are definitely necessary to determine the
physiologic role of Wnt/B-catenin signaling. In either
case, however, it is true that its activation strongly en-
hances the self-renewal capability and contributes to tu-
mor initiation. In terms of the functional relation be-
tween the 2 self-renewal regulators, transduction of
either one of them did not affect the expression or activ-
ity of the other. Thus, Bmil and Wnt/B-catenin pathway
might independently regulate the self-renewal of hepatic
stem/progenitor cells. :

It has been reported that the special environment in
culture might favor transformation.#>5° This might be
applied to our clonal H-CFU-C culture of 42 days. Al-
though cultured H-CFU-Cs showed normal chromo-
somal numbers (data not shown), it would be necessary
to determine whether additional events involuntarily oc-
cur and contribute to the initiation of cancer in collab-
oration with enhanced self-renewal signals. Involvemenc
of faculrative hepatic stem/progenitor cells such as oval
cells in hepatocarcinogenesis has long been debated.51:52
However, these studies, including the present study, took
advantage of the transplantation assays of ex vivo-ma-
nipularted cells in evaluaring carcinogenesis. To confirm
whether the dysregulated self-renewal capability of he-
patic stem/progenitor cells contributes to cancer initia-
tion in vivo, it would be of great importance to trace the
process of cancer initiation using mice with targeted
expression of Bmil or mutant B-catenin in hepatic stem/
progenitor cells.

In conclusion, our findings strongly support the
cancer stem cell hypothesis that disruption of the
self-renewal of heparic stem/progenitor cells generates
a cancer stem cell population as an early event, thereby
contributing to the development of some HCCs. In
this regard, regulators for self-renewal, Bmil and Wnt/
B-catenin, might be potential targets for novel thera-
peutic approaches against cancer initiation and pro-
gression.

Supplementary data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1053/
}-gastro.2007.06.016.
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Abstract

There is increasing evidence for the presence of cancer stem cells (CSCs) in malignant brain tumors, and these CSCs may play a piv-
otal role in tumor initiation, growth, and recurrence. Vascular endothelial growth factor (VEGF) promotes the proliferation of vascular
endothelial cells (VECs) and the neurogenesis of neural stem cells. Using CSCs derived from human glioblastomas and a retrovirus
expressing VEGF, we examined the effects of VEGF on the properties of CSCs in vitro and in vivo. Although VEGF did not affect
the property of CSCs in vitro, the injection of mouse brains with VEGF-expressing CSCs led to the massive expansion of vascular-rich
GBM, tumor-associated hemorrhage, and high morbidity, suggesting that VEGF promoted tumorigenesis via angiogenesis. These results
revealed that VEGF induced the proliferation of VEC in the vascular-rich tumor environment, the so-called stem cell niche.

© 2007 Elsevier Inc. All rights reserved.
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Malignant gliomas, especially glioblastomas multiforme
(GBM), are highly aggressive. They are the most lethal pri-
mary brain tumors with a median survival of less than 12
months {1]. Human gliomas contain a subpopulation of
cells with stem cell-like properties, designated cancer stem
cells (CSCs), that may play an important role in tumorigen-
esis and tumor recurrence [2-6). Because vascular endothe-
lial growth factors (VEGF) and their receptors (VEGFR)
are important paracrine factors involved in tumorigenesis
and angiogenesis, they may be possible targets for thera-
peutic intervention [7-9]. However, it remains unknown
whether VEGF affect the proliferation and differentiation
of CSCs and tumors derived from these cells.

* Corresponding author.
E-mail address: ccd29400@nyc.odn.ne jp (A. Soeda).

0006-291X/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2007.06.094

We isolated and characterized multipotent, self-renew-
ing cells derived from fresh human GBM. Established
XO01GB cells formed proliferating tumor spheres, could
be serially passaged in proliferation medium containing
epidermal growth factor (EGF) and basic fibroblast growth
factor (FGF-2), and differentiated into both neurons and
astrocytes in differentiation medium containing fetal
bovine serum (FBS). After orthotopic implantation into
the brains of immunodeficient mice, the CSCs grew into
tumors that were a phenocopy of the original GBM. To
investigate the role of VEGF in human CSCs, we used a
VEGF-expressing retrovirus in in vitro and in vivo models
of gliomagenesis. We show that while retroviral VEGF
did not affect the property of stem cells in vitro, the trans-
plantation of VEGF-expressing X01GB cells into mouse
brains induced the massive expansion of vascular-rich
GBM, tumor-associated hemorrhage, and high morbidity.
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Materials and methods

Preparation of recombinant retroviruses. Human VEGF165 cDNA [10]
was kindly provided by Dr. M. Shibuya (Institute of Medical Science,
University of Tokyo, Japan). The retroviral vector GCDNsamIRES/
EGFP, which includes a long terminal repeat and a primer binding site
derived from the mouse endogenous retroviruses PCMV and d1587rev,
respectively, was constructed to express enhanced green fluorescent pro-
tein (EGFP) as a marker [11}. To construct the vector expressing human
VEGF, a BamHI fragment containing a full-length VEGF ¢cDNA was
inserted into a corresponding site in the vector; this was designated
pDNhVEGF. Methods for producing recombinant retroviruses packaged
into vesicular stomatitis virus G (VSV-G) protein are described elsewhere
[12]. This vector was converted to the corresponding retrovirus by trans-
duction into 293gpg cells [12,13], yielding a viral titer of 1.95 x 10° infec-
tious units/ml as assessed in Jurkat cells.

Establishment and transduction of CSCs. Prior informed consent was
obtained from the GBM sample donor and the study was approved by
the Medical Review Board of Gifu University. Within 2h of tumor
removal, tissues were minced with scissors, incubated in 0.05% trypsin
(GIBCO-Invitrogen, La Jolla, CA) in 0.1 mM EDTA (20 min, 37°C),
and washed. Cells were then dissociated in phosphate-buffered saline

(PBS) to climinate cell debris and triturated in the same solution in a

fire-polished Pasteur pipette. Cells passed through a 100-pum strainer
(Falcon, Oxnard, CA) were seeded (1 x 10°/ml) into Falcon culture flasks
and grown in medium containing DMEM/F12 (GIBCO/Invitrogen, NY,
USA), penicillin G, streptomycin sulfate, B-27 (1:50; GIBCO/Invitro-
gen), recombinant human fibroblast growth factor (hFGF-2, 20 ng/ml;
R&D Systems, Minneapolis, MN, USA), recombinant human epidermal
growth factor (hEGF, 20 ng/ml; R&D Systems), and leukemia inhibitory
factor (LIF, 1000 U/ml). The medium was replaced every 3 days with
identical fresh medium. Spheres were counted under a phase-contrast
microscope (Olympus IMT-2, Tokyo, Japan). Passage was by trituration
in a fire-polished Pasteur pipette; the cells were reseeded into fresh
proliferation medium and maintained in a 37 °C incubator with 95% air
and 5% CO,.

After 50 passages of the tumor spheres, for transduction with
DNEGFP-VEGF, 1 x 105 cells were plated in 10 ml culture medium and
50 DNEGFP-VEGF supernatant (multiplicity of infection
(MOI)=1). Two days post-transduction, the cells were analyzed by
FACS Vantage (BD Bioscience, CA, USA). For the immunostaining of
tumor spheres, 1-10 spheres were transferred to poly-L-lysine (Sigma)-
coated 24-well dishes (Falcon, Oxnard, CA) in medium containing 10%
FBS to facilitate anchorage. After 4 h, attached spheres were fixed in 4%
paraformaldehyde in PBS (15 min), washed in PBS, and incubated for
1h in blocking solution (2% skim milk, 1% normal goat serum, 0.2%
bovine serum albumin (BSA), and 0.2% Triton X-100 in PBS). For tri-
ple-label immunostaining, primary antibodies were diluted in PBS con-
taining 2% skim milk and 0.2% Triton X-100. Cells in 24-well dishes
were incubated for 24 h at 4 °C, secondary antibodies were added, and
the dishes were incubated for 2 more hours at 37 °C. The neurospheres
were immunostained with human anti-nestin (rabbit polyclonal antibody
(pAb), 1:200; Chemicon, Temecula, CA) for neural stem and progenitor
cells, with anti-pII-tubulin (mouse mAb, 1:200; Chemicon) for neurons,
or with anti-glial fibrillary acidic protein (GFAP; rabbit pAb, 1:500;
DAKO, Glostrup, Denmark) for astrocytes; and then with Alexa fiuo-
rophore-conjugated secondary antibodies (1:1000; Molecular Probes,
Eugene, OR). For the differentiation of tumor spheres, cells were fed
with FBS-supplemented medium every 2 days. After 7 days, immuno-
cytochemistry was performed as described above. Cells were additionally
immunostained with Hoechst 33342 to identify all nuclei and permit
their counting in at least five microscopic fields per specimen. Cellular

self-renewal ability was evaluated with a modified limiting ditution assay
described previously [3].

Transplantation into immunodeficient mice and survival study. Our

experimental procedures involving animals followed the guidelines of

the Animal Experimental Committee of Gifu University. Tumorige-
nicity was determined by injecting brain tumor-derived CSCs (X01GB)
orthotopically into non-obese diabetic-severe combined immunodefi-
ciency (NOD-SCID) mice (SLC, Shizuoka, Japan). EGFP-VEGF-
X01GB or EGFP-X01GB cells were injected into the brain of kata-
mine-anesthetized NOD-SCID mice; 2pul of a cell suspension
(1 x 10® cells/ml) in proliferation medium were delivered into the right
striatum (1 pl/min) using a stereotactic instrument (SR-60, Narishige,
Tokyo, Japan) and a Hamilton syringe. The injection coordinates were
3 mm to the right of the midline and 3 mm anterior to the lamda, at a
depth of 3 mm. Mice injected with EGFP-X01GB (n=6) or EGFP-
VEGF-X01GB (n = 8) were monitored daily for signs of morbidity, e.g.
weight loss, seizures, posturing, and nasal and/or periorbital hemor-
rhage and killed at the first sign of morbidity. Their brains were
examined histologically for the presence of tumor. Kaplan-Meier sur-
vival curves were designed, and the survival of EGFP-VEGF-X01GB
and EGFP-X01GB xenografted mice was compared statistically using
the log-rank test and GraphPad Prism 4 software (GraphPad Software,
CA, USA).

Immunohistochemical analysis of brain tissues. Tumor samples
were fixed in 4% paraformaldehyde, paraffin-embedded, and cut into
3-pum sections. For hematoxylin—eosin staining, they were first stained
with Mayer’s hematoxylin (1 min) and then counterstained with
alcoholic eosin. For immunohistochemical studies, deparaffinized
sections were washed in Tris-buffered saline (TBS), endogenous
peroxidase was neutralized with 3% H,O, in methanol (15 min) after
15-min antigen retrieval in citrate buffer in a microwave at 500 W.
Sections were blocked with 1% bovine serum albumin in TBS and
then treated overnight at 4 °C with the following primary antibodies;
anti-human nestin (mouse monoclonal antibody (mAb), 5 ug/mli;
R&D Systems) for neural stem cells, anti-human Ki-67 (mouse mAb,
1:50; DAKO) for proliferative indices, anti-GFAP (mouse mAb,
1:500; DAKO) for astrocytes, and anti-human BIII-tubulin (mouse
mAb, 1:500; Chemicon) for neurons. After treatment with biotinyl-
ated secondary antibody and HRP-linked streptavidin (LSAB2 kit,
DAKO), color reactions were performed with peroxidase-substrate
3,3’-diaminobenzidine (DAB, DAKO). For vascular studies, tumor
samples were snap-frozen, cut into 5-um frozen sections, fixed, and
immunostained with anti-mouse CD31 (rabbit polyclonal antibody,
1:100; Santa Cruz, CA, USA) and anti-human CD31 (mouse mAb,
1:30; DAKO). For periodic acid-Schiff (PAS) staining, the sections
were deparaffinized, washed in TBS, stained with 0.5% periodic acid
(5min), stained (15min) with Schiffs reagent (Muto Chemical,
Tokyo, Japan), and washed three times (3 min each) in sulfurous acid
solution. All sections were counter-stained with Mayer’s hematoxylin.

Reverse transcription polymerase chain reaction (RT-PCR). Total
RNA was purified from cultures at various times using Isogen (Nippon
Gene, Tokyo, Japan) for cDNA synthesis and the manufacturer’s
instructions. cDNA was prepared from RNA templates (5 pg) after
reverse transcription, using oligo (dT) primers and Super Script II
reverse transcriptase (Invitrogen, NY, USA). The product (100 ng) was
subjected to PCR with rTaq polymerase (Takara Bio, Shiga, Japan) and
each PCR product (10 pl) was electrophoresed on 1% agarose gels and
stained with ethidium bromide.

Forward and reverse primer sequences for specific amplifications are
shown in Table 1. The amplification conditions for VEGF-A were initial
denaturation at 94 °C. for 2 min, 35 cycles of denaturation at 94 °C for
30 s, annealing at 60 °C for 30 s, and extension at 72 °C for 60 s [8]; for
VEGF-B they were initial denaturation at 95 °C for 1 min, 30 cycles of
denaturation at 95 °C for 60 s, annealing at 60 °C for 60 s, and extension
at 72 °C for 90 s [14]; for VEGFR1 (Flt-1) and VEGFR2 (Flk-1) they
were initial denaturation at 94 °C for 2 min, 35 cycles of denaturation at
94 °C for 90 s, annealing at 60 °C for 3 min, and extension at 72 °C for
4 min {15}, for P-actin they were initial denaturation at 94 °C for 2 min,
30 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30s,
and extension at 72 °C for 60 s.
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Table 1

Forward and reverse primer sequences for specific amplifications
mRNA  Oligonucleotides Product
targets size (bp)

VEGF-A Forward: ¥-ATCACGAAGTGGTGAAGTTC-3' 265
Reverse: 5-TGCTGTAGGAAGCTCATCTC-3'

VEGF-B Forward: 5-CCATGAGCCCTCTGCTCCGCC-3' 678
Reverse: 5-GCCATGTGTCACCTTCGCAGC-3'

VEGFR1 Forward: 5-GAAGGCATGAGGATGAGAGC-3’ 324
Reverse: 5'-CAGGCTC ATGAACTTG AAAGC-3’

VEGFR2 Forward: 5'-GTCAAGGGAAAGACTAC 591
GTTGG-3’
Reverse: 5-AGCAGTCCAGCATGGTCTG-3'

Forward: 5'-GAAAGTAGGGACCTCAGAGG-3’ 218
Reverse: 5'-CTGTCCTCCCTCACACGTCA-3’

B-Actin

Results
VEGF has no effect on the properties of CSCs in vitro

X01GB-CSCs from a GBM patient were serially cul-
tured in proliferation medinm containing growth factor;
they were able to self-renew and to differentiate into cells
with multilineage properties (data not shown). The sphere
cells were immunoreactive with neural stem cells (NSCs)

and the CSC marker nestin (Fig. 1A and B). In differenti-
ation medium containing FBS, spheres differentiated not
only into neurons and glia but also into cells expressing
both neuronal and glial cell markers (Fig. 1C). Upon
orthotopic transplantation into immunodeficient mice,
the X01GB cells initiated new tumors that were a pheno-
copy of the original GBM and exhibited extensive infiltra-
tive capacity (Fig. 1D). Based on these findings, our
XO01GB cells fulfilled the criteria for CSCs [2-6].

To determine whether VEGF has an effect on the prop-
erties of stem cells within CSC populations in vitro, we first
investigated their self-renewal capacity in the presence
(20 ng/ml) and absence of VEGF. Dissociated X01GB cells
formed floating tumor spheres in a VEGF-independent
manner and there was no significant difference in their
number (data not shown). To further elucidate the effect
of VEGF, we transfected the EGFP-VEGF gene into
X01GB CSCs (EGFP-VEGF-X01GB) using a retrovirus
vector. RT-PCR analysis showed that VEGF-A was highly
expressed in EGFP-VEGF-X01GB cells; there was no sig-
nificant difference with respect to the expressions of VEGF-
B, VEGFRI (Flt-1), and VEGFR2 (Flk-1) (Fig. 2A). Upon
flow cytometric analysis, more than 40% of the transfected
cells expressed EGFP after one round of transduction;
after 6-month culture, more than 90% continued to express
EGFP (Fig. 2B). These enriched tumor spheres expressed

D Xenograft (i.c.)

Fig. 1. The sphere shown is from line X01GB (A). There is positive immunostaining for the neural progenitor marker nestin, indicating the presence of
undifferentiated stem cells in the spheres (B). The cells gave rise not only to neurons and gha but also to cells expressing both neuronal and glial celt
markers (C). Transplanted spheres from X01GB developed and recapitulated the histopathological properties of the parental GBM (D). In (C), GFAP
staining is seen as green, staining for plII-tubulin as red, and nuclei are stained blue. Scale bars: 1 mm (D, left), 100 um (D, right), 50 pm (A-C).
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Fig. 2. (A) RT-PCR showed that EGFP-VEGF-X01GB (VEGF(+)) cells expressed VEGF-A with high efficiency; there was no difference between VEGF| +)
and VEGF(-) cells with respect to the expression of VEGF-B, VEGFR-1 (Flt-1), and VEGFR-2 (Flk-1) genes. (B) Efficiency of EGFP-VEGEF reporter gene
expression in X01GB CSCs. About 55% of infected cells expressed EGFP (left); enriched cells also expressed EGFP even after prolonged culture (right). (C) A
sphere from line EGFP-VEGF-X01GB. EGFP-expressing spheres are positive for the neural progenitor marker nestin. There was no significant difference
between cells treated with soluble VEGF (s-VEGF) and cells expressing viral VEGF (v-VEGF) with respect to their self-renewal ability (p = 0.33). (D) Under
differentiated culture conditions in the presence of serum, a significant portion of the differentiated cells continued to express EGFP (nuclei are Hoechst-
stained). These cells were also positive for glial (GFAP) and/or neuronal markers (BII-tubulin). Scale bars: 50 pum (C), 25 pm (D).

both EGFP and nestin, and like the X01GB tumor spheres,
they could be serially passaged (Fig. 2C). There was no sig-
nificant difference in the self-renewal capacity of soluble
VEGF-X01GB- and EGFP-VEGF-X01GB  cells
(Fig. 2C). Under differentiation conditions, like untransfec-
ted X01GB cells, they differentiated and expressed glial and
neuronal markers (Fig. 2D). These results suggested that
this retroviral transduction method allowed CSCs to
express EGFP/VEGF efficiently without interfering with
their sphere formation- and differentiation abilities in vitro.

VEGF induces vascular-rich GBM tumors in mice with
associated hemorrhage and high morbidity

We next investigated whether VEGF affected tumori-
genesis, angiogenesis and morbidity in vivo. Cells were ste-
reotactically injected into the brains of immunodeficient
mice. Kaplan—Meier survival curves revealed that at less
than 64-days post-injection, all mice transplanted with
EGFP-VEGF-X01GB cells showed signs of tumor-induced
morbidity; mice injected with EGFP-X01GB cells did not
(Fig. 3A). Most of the brains injected with VEGF-express-
ing cells displayed gross evidence of tumor-associated hem-

orrhage (Fig. 3B and C). These results suggested that
VEGF promoted tumor-associated hemorrhage and
induced high morbidity.

We next performed a histopathologic investigation of
the characteristics of tumors derived from EGFP-VEGF-
XO01GB cells. The tumors exhibited marked vascular prolif-
eration and pseudopalisading necrosis; the density and
complexity of new blood vessels adjacent to and within

the tumors was evidence for high angiogenesis (Fig. 4A

and B). To investigate the structure and features of these’
tumor vessels we used PAS staining, which has strong affin-
ity for polysaccharides in the basement membrane. In
EGFP-VEGF-X01GB- but not EGFP-X01GB-trans-
planted mice, the tumor vessels were hyper-angiogenic
and there was a reticular meshwork surrounding the tumor
cells (Fig. 4C and D), suggesting that tumor angiogenesis
was due to the formation of VEC-lined vessels. To deter-
mine whether these VECs derived from the transplanted
human CSCs or from the mice per se, we used the
mouse-specific (no cross-reactivity with human) and
human-specific (no cross-reactivity with murine) anti-vas-
cular endothelial marker CD31. We found that in EGFP-
VEGF-X01GB xenografted mice, VECs in the tumor ves-
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Fig. 3. Kaplan-Meier survival curve showing the rapid onset of high tumor-induced morbidity (A). All mice injected with EGFP-VEGF-X01GB cells
showed signs of tumor-induced morbidity within 64-days post-injection; mice injected with EGFP-X01GB did not. The mean survival after EGFP-VEGF-
XO01GB injection was 57 days; mice injected with EGFP-X01GB survived for a mean of 81 days. The p value (log-rank test) was 0.0005, the hazard ratio
was 4.470 (the 95% CI was 3.505-84.81). Tumor-associated hemorrhage involving the brain surface was seen in mice transplanted with EGFP-VEGF-
X01GB celis (5/8, B), but not in mice injected with EGFP-X01GB cells (0/6, C).

Fig. 4. (A) Gross view of a mouse brain 8 weeks after injection. The transplanted tumors were vascular-rich compared to the tumors in mice subjected to
non-infected xenografts (B, see Fig. 1D). PAS staining showed hyper-angiogenesis and dense reticular networks, reminiscent of sinusoid, supplying blood to
the tumors (C). In contrast, there was less angiogenesis in tumors developed from EGFP-X01GB xenografts (D). Immunohistochemically, VECs in the tumor
vessels were negative for human-specific anti CD31 (E) and positive for mouse-specific anti CD31 (F). Scale bars: 1 mm (A), 100 pm (B-D}, 50 um (E,F).
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sels were negative for human- and positive for mouse
CD31, indicating that they derived from the murine brain
(Fig. 4E and F).

Discussion

Here we showed that VEGF treatment of stem cells
derived from human GBM promoted vascular formation,
tumor-associated hemorrhage, and tumorigenesis. The
VEGTF signaling pathway plays an important role in gii-
omagenesis and activation is closely related with brain
tumor development via vascular formation [16,17], obser-
vations that coincide with our findings that VEGF pro-
moted tumor angiogenesis resulting in the rapid growth
of GBMs.

Similarities between stem cells and cancer cells with
respect to their self-renewal capacity and multi-potential
cell fate gave rise to the concept of CSCs [18,19]. NSCs
and CSCs may be under a high degree of regulation by
their extracellular microenvironments; this may promote
their self-renewal and retention in the undifferentiated state
[20-22] suggested that VECs are important in tissue archi-
tecture, that they specify the fate of different neighboring
cell types including NSCs, and that the microenvironment,
termed stem cell niche, regulates NSC proliferation and
neurogenesis, possibly through the secretion of neurotro--
phic factor(s). NSCs are not randomly distributed through-
out the brain, rather, they are concentrated around blood
vessels [20]. Furthermore, most cancers including GBMs
are well vascularized and their malignancy depends on vas-
cular formation [17]. However, the role of VECs with
respect to CSCs remains to be elucidated.

We found that VEGF promoted tumor angiogenesis by
acting on murine VECs, forming a central lumen, and elab-
orating a new basement membrane. This results in the devel-
opment of new blood vessels and bleeding [16]. VEGF is a
highly specific endothelial cell mitogen that has been shown
to promote VEC proliferation, migration, and survival,
resulting in tumor angiogenesis, a requirement for glioma
growth [23]. In glioma patients, effective therapeutic inter-
vention requires the development of treatments that target
and eliminate CSCs, and the VEGF gene and other angio-
genic factors may represent valuable molecular targets
[8,9]. Further, elucidating the VEC-secreted signaling mole-
cules that elicit CSC proliferation may be a step forward in
CSC biology, in particular for understanding their niches
and their optimal use in anti-angiogenic treatments [24].

In this study, we used the simplified retroviral vector
GCDNsap that was engineered to be resistant to de novo
methylation. It was packaged into vesicular stomatitis virus
G protein (VSV-QG) to transfect the EGFP/VEGF gene into
CSCs. This system allowed for.the genetic modification of
NSCs; the transduction rate was high in the absence of
FBS during the transduction process [12]. Using these
genetic modifications, the resultant EGFP/VEGF-express-
ing X01GB cells, like untransfected X01GB cells, had the
ability for self-renewal and in vitro differentiation. As the

retrovirus expressed high levels of fluorescent EGFP repor-
ter genes, we were able to identify infected cells and their
progeny (data not shown). Our findings suggest that this
gene transfer system is a useful tool for the genetic modifi-
cation of CSCs.

Targeting the pathways that regulate aberrant self-
renewal represents an alternative approach to attacking
CSCs. Success will depend on the ability to develop drugs
that selectively target CSCs and/or their niche [25]. Insight
into the relationship between CSCs and their niches,
important for an understanding of the formation and
growth of human brain tumors, may also help to identify
novel tumor cell markers useful for their diagnosis and
treatment. Effective treatment may require the targeting
and elimination of CSCs in a patient-specific manner.
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Neurogenesis continues throughout life in the hippo-
campus. To study postnatal neurogenesis in vitro, hip-
pocampal slices from rats on postnatal day 5 (P5) were
cultured on a porous membrane for 14 or 21 days. In
the initial experiments, precursor cells were labeled
with bromodeoxyuridine (BrdU) after 7 days in culture
because hippocampal slices are generally used in
experiments after 1-2 weeks in culture. Fourteen days
after labeling, however, only about 10% of BrdU-la-
beled cells expressed neuronal markers, although in liv-
ing rats, about 80% of cells labeled with BrdU on P5
had become neurons by P19. Next, rats were injected
with BrdU 30 min before culture, after which hippocam-
pal slices were cultured for 14 days to examine the
capacity of in vivo-labeled neural precursors to differ-
entiate into neurons in vitro. In this case, more than
two-thirds of BrdU-labeled cells expressed neuronal
markers, such as Hu, NeuN, and PSA-NCAM. Further-
more, precursor cells underwent early in vitro labeling
by incubation with BrdU or a modified retrovirus vector
carrying EGFP for 30 min from the beginning of the cul-
ture. This procedure resulted in a similar high rate of
neuronal differentiation and normal development into
granule cells. In addition, time-lapse imaging with retro-
virus-EGFP revealed migration of neural precursors
from the hilus to the granule cell layer. These results
indicate that in vivo— and early in vitro-labeled cultures
are readily available ex vivo models for studying post-
natal neurogenesis and suggest that the capacity of
neural precursors to differentiate into neurons is
reduced during the culture period. © 2007 Wiley-Liss, Inc.

Key words: hippocampus; dentate gyrus; PSA-NCAM;
migration; differentiation

Neurogenesis in the hippocampal dentate gyrus con-
tinues from the late embryonic stage to the adult stage in

© 2007 Wiley-Liss, Inc.

various vertebrates including humans (Altman and Das,
1965; Seki and Arai, 1993, 1995; Kuhn et al., 1996; Eriks-
son et al.,, 1998). Newly generated neurons are functionally
incorporated into preexisting hippocampal circuits under
the influence of hippocampal activities (van Praag et al,,
2002; Tozuka et al., 2005; Tashiro et al., 2006). Because
the dendrites and axons of the newly generated neurons
form a huge number of synapses that could involve hippo-
campal plasticity, much attention has been paid to the rela-
tionship between adult neurogenesis and learning (Gould
et al., 1999; Schmidt-Hieber et al., 2004). In addition, the
fact that adult neurogenesis is modulated by seizures, ische-
mia, stress, and antidepressants has increased the number of
clinical studies on adult neurogenesis (Gould et al., 1997;
Parent et al., 1997; Liu et al., 1998; Malberg et al., 2000).
However, most of these studies have been performed in
vivo, and in vitro studies have been mainly confined to
those using neurosphere or dispersed-cell cultures (Palmer
etal., 1997; Seaberg and van der Kooy, 2002).
Organotypic slice cultures of the hippocampus are a
popular ex vivo model and have several advantages for
investigating the physiology, pharmacology, and pathology
of hippocampal formation (Stoppini et al., 1991; Gahwiler
et al., 1997; Sakaguchi et al., 1997). Cultured hippocampal
slices maintain normal tissue organization and physiological
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membrane properties (Stoppini et al,, 1991; Okada et al.,
1995; Gahwiler et al.,, 1997) and can be directly observed
under a fluorescent microscope or confocal laser-scanning
microscope together with live cell labeling techniques. Fur-
thermore, that postnatal neurogenesis requires microenvir-
onments surrounding precursors (Palmer et al., 2000; Seki,
2002, 2003) suggests that a slice culture containing various
neural and nonneural elements is a more suitable ex vivo
model for postnatal neurogenesis than is a neurosphere cul-
ture. However, application of hippocampal organotypic
slice cultures for postnatal neurogenesis is relatively rare
(Kamada et al, 2004; Raineteau et al., 2004; Laskowski
et al., 2005; Poulsen et al., 2005). Furthermore, neurogene-
sis in organotypic cultures has not been precisely assessed by
comparison with in vivo neurogenesis of age-matched rats.
We recently reported the details of the develop-
mental process of newly generated cells in the postnatal
hippocampus (Namba et al., 2005). In the present study,
we analyzed in vitro neurogenesis in an organotypic hip-
pocampal slice culture on the basis of previous and pres-
ent in vivo data. As a consequence, we found a useful
labeling method for investigating neural development of
neural precursor cells to allow efficient neuronal produc-
tion similar to that in in vivo postnatal neurogenesis.

MATERIALS AND METHODS

All animal treatments were approved by the Institutional
Animal Care and Use Committee at Juntendo University.

Slice Culture and Tissue Processing

Hippocampal slices were prepared from postnatal day 5
(P5) Wistar rats and cultured according to the standard inter-
face method with several modifications (Stoppini et al., 1991;
Sakaguchi et al., 1997; Kamada et al., 2004). Rats were briefly
anesthetized with diethyl ether and then deeply anesthetized
on ice. Their heads were cut and their brains removed. The
hippocampi were dissected in minimum essential medium
(MEM; Invitrogen, Carlsbad, CA) supplemented with 25 mM
HEPES (Sigma, St. Louis, MO). Whole hippocampi were
sliced into 350-pum-thick slices using a Mcllwain tissue
chopper (Mickle Laboratory Engineering, Guildford, Surrey,
UK). The slices were randomly chosen from the hippo-
campus except for regions near the septal and temporal poles
and transferred onto a porous membrane (Millicell-CM
PICMO03050; Millipore, Billerica, MA) and maintained in an
incubator at 34°C with a 5% CO,-enriched atmosphere. The
culture medium was 50% MEM (Invitrogen), 25% heat-inacti-
vated horse serum (Invitrogen), and 25% Hank’s balanced salt
solution (Invitrogen) supplemented with penicillin-streptomy-
cin-glutamine (Invitrogen) and glucose (final concentration,
6.5 mg/mL). The medium was changed twice a week. Two
weeks after bromodeoxyuridine or retrovirus (RV) treatment,
the slices were fixed by 4% paraformaldehyde in 0.1M phos-
phate buffer (PB), pH 7.4, for 8 hr at 4°C. The fixed slices
were embedded in 5% agar, washed 3 times with PBS, and
immersed in 10% and then 20% sucrose in PBS over 2 days.
Next, the slices were embedded in an OTC compound,
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frozen in liquid nitrogen, and stored at —80°C. The slices
were sectioned with a cryostat into 30-pm-thick sections.

5-Bromo-2-deoxyuridine and Retrovirus Treatment

Newly generated cells were labeled by three methods:
(1) intraperitoneal injection of 5-bromo-2-deoxyuridine
(BrdU; Sigma) dissolved in 0.9% NaCl (50 mg/kg body
weight) into P5 rats 30 min before slice preparation, (2) incu-
bation with 1 pM BrdU-containing culture medium for
30 min from the beginning of culture, or (3) incubation with
1 puM BrdU-containing culture medium for 1 day after 7 days
in vitto (DIV). To visualize the newly generated cells, we
used our modified retrovirus vector, GCDNsap-EGFP. Details
of the construction and titer of this vector were described pre-
viously (Suzuki et al., 2002). Drops of GCDNsap-EGFP ret-
rovirus solution were put on the cultured slices at the begin-
ning of the culture (0.5 HL per slice). For time-lapse imaging,
a retrovirus vector (0.5 pL) was stereotactically injected into
the hilus of P5 rats (posterior = 1.2 mm from bregma, lateral
= 2.1 mm, ventral = 2 mm), as described previously (Namba
et al., 2005). :

Time Lapse Imaging

Three days after the retroviral injection (P8), 350-pum-
thick hippocampal slices were cultured as described above.
Time-lapse recording was performed manually using an
inverted confocal laser-scanning microscope (LSM510META;
Zeiss, Germany). To follow the movements of the labeled
cells, stacks of images were collected in the z plane every day
using a 20X objective. Between time points, the slices were
kept in an incubator at 37°C and 5% CO..

In Vivo Experiments

Rats on postnatal day 5 (P5) were given an intraperito-
neal injection of BrdU (Sigma) dissolved in 0.9% NaCl
(50 mg/kg body weight) or a stereotactic injection into the
dentate gyrus of the hippocampus of 0.5 pL of GCDNsap-
EGFP retrovirus (Suzuki et al.,, 2002; Tanaka et al, 2004,
Namba et al., 2005) as described above. Fourteen days (P19)
after the BrdU or RV injection, the rats were perfused and
processed as described previously (Namba et al., 2005). The
tissues were thawed and washed in PBS, embedded in 5%
agarose in PBS, and sectioned by a vibratome into 50-pm-
thick sections.

Antibodies and Immunofluorescent Staining

The antibodies used in this work, their concentrations,
and the vendors that supplied them are listed in Table I. The
primary and secondary antibodies were diluted with PBS con-
taining 1% bovine serum albumin (BSA). The sections of the
hippocampal slices were washed with PBS. All subsequent
incubations were carried out with free-floating sections in
10-mL vials using a rotator. Each of the following steps was
followed by washing with PBS. To stain PSA-NCAM, the
sections were pretreated with 100% methanol. They were
incubated with various combinations of the primary antibodies
diluted in PBS containing 1% BSA at 4°C for 24 hr and then
incubated at room temperature for 1-2 hr with a mixture of
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TABLE 1. Antibodies

Marker Species, isotype Label Working dilution Vendor
Primary antibodies
BrdU Rat IgG none 1:200 ImmunologicalsDirect.com, UK
GFP Mouse IgG none 1:400 Sigma, Mo, USA
GFP Rabbit IgG none 1:200 Gift from Dr. N. Tamamaki”
GFP Rat IgG none 1:400 Nakalai Tesque, Japan
Iba-1 Rabbit IgG none 1:1000 ‘Wako, Japan
Hu Human IgG none 1:2000 Gift from Dr. HJ. Okano™
Hu Mouse IgG none 1:100 Molecular Probes, OR, USA
Ki67 Mouse IgG none 1:100 Novocastra Laboratories, UK
NeuN Mouse IgG none 1:200 Chemicon International, CA, USA
PSA-NCAM (12E3) Mouse [gM none 1:500 Raised in our laboratory™
RIP Mouse IgG none 1:20000 Chemicon International
S1008 Mouse IgG none 1:2000 Sigma
S1008 Rabbit IgG none 1:5000 Swant, Switzerland
Secondary antibodies
Anti-human IgG Donkey IgG Cy3 1:200 Jackson, PA, USA
Anti-mouse IgG Donkey IgG Cy2 1:200 Jackson
Anti-mouse IgG Donkey IgG Cy5 1:200 Jackson
Anti-mouse IgG(Fcy) Goat IgG Cy5 1:200 Jackson
Anti-mouse IgM Donkey I1gG Cy2 1:200 Jackson
Ant-rabbit IgG Donkey IgG Cy2 1:200 Jackson
Anti-rabbit IgG Donkey IgG Cy5 1:200 Jackson
Anti-rabbit IgG Donkey IgG FITC 1:200 Jackson
Anti-rat IgG Donkey IgG Cy2 1:200 Jackson
Anti-rat IgG Donkey IgG Cy3 1:200 Jackson

*Tamamaki et al., 2000;
*Okano and Damell, 1997;
*Seki and Arai, 1991.

secondary antibodies. For BrdU analysis, the sections were
subsequently treated with 2N HCI at 37°C for 35 min and
neutralized with 0.1M borate buffer (pH 8.5). Next, they
were incubated with rat monoclonal anti-BrdU antibody at
4°C overnight and then with Cy3-conjugated anti-rat IgG.
Finally, the specimens were mounted on glass slides. The sam-
ples were viewed through a Zeiss confocal laser-scanning
microscope (LSM510 and LSM510 META) with 20X, 40X,
63X, and 100X objectives. The images were corrected for
brightness and contrast using a Zeiss LSM image Browser,
Adobe TIllustrator 9.0, and Adobe Photoshop 7.0. When the
primary antibodies were omitted from the immunofluorescent
staining, no immunoreactivity was detected.

Cell Counting

To determine the number of BrdU-, GFP-, Hu-,
NeuN-, PSA-NCAM-, and S10083-positive cells in the gran-
ule cell layer (GCL) including the subgranular zone and the
hilum of cultured slices, 1 of 5 sections per cultured slice was
used, and each experimental group consisted of 7-21 cultured
slices from 3 or 4 independent rats. An average of 5 sections
per rat was used for the in vivo analysis, and each experimen-
tal group consisted of 3-5 rats. Adjacent sections were not
used for cell counting to avoid double counting. All counting
was performed under a confocal laser-scanning microscope
using a 40Xobjective for stacks of 5 optical sections. Data
were analyzed statistically using one-way analysis of variance
followed by the Scheffé post hoc F test. All values are given
as means = SEMs.

Morphological Analysis

To analyze the morphological characteristics of the
GFP+/Hu+ cells, a Z series of images was obtained under the
Zeiss confocal laser-scanning microscope (LSM510 and
LSM510 META) using a 40X objective. The number of den-
dritic branching points and dendrite length were measured
three-dimensionally using Imaris 4 (Zeiss) and the Imaris Mea-
surement Pro (Zeiss). Data were analyzed statistically using
one-way analysis of variance followed by the Scheffé post hoc
F test. All values are given as means * SEM:s.

RESULTS

Late In Vitro—Labeled Cultures

Because cultured slices are generally used in experi-
ments after 1-2 weeks in culture (Okada et al., 1995), in
the initial experiments hippocampal slices from P5-P6
rats were treated with BrdU from DIV 7 to DIV 8 and
fixed 14 days after BrdU treatment (DIV 21; Fig. 1A).
Triple immunostaining revealed that a small proportion
of BrdU-positive (BrdU+) cells expressed a neuronal
marker, Hu. (9.40% * 2.1%), and that a large proportion
were S100B-positve (16.0% * 1.8%) and double-nega-
tive cells (74.6% = 2.9%, n = 8 slices from 3 rats;
Figs. 2A, 3A). Most of the double-negative cells should
have been microglial cells because approximately half the
BrdU-labeled cells expressed the microglial marker Iba-1
(data not shown). The numbers of BrdU/RIP-double-
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