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Background: We recently reported that gastrointestinal (GI) cancer cells can be reprogrammed to a plu-
ripotent state by the ectopic expression of defined embryonic stem (ES)-like transcriptional factors. The
induced pluripotent cancer (iPC) cells from GI cancer were sensitized to chemotherapeutic agents and
differentiation-inducing treatment during a short-term culture, although a phenotype induced by long-

Keywords: . term culture needs to be studied.
;ht;!anpo:elluar carcinoma Methods: A long-term cultured (Lc)-iPC cells were produced in GI cancer cell lines by virus-mediated
alignancy

introduction of four ES-like genes-c-MYC, SOX2, OCT3/4, and KLF4-followed by a culture more than three
months after iPC cells induction. An acquired state was studied by expression of immature-related sur-
face antigens, Tra-1-60, Tra-1-81, Tra-2-49, and Ssea~4; and epigenetic trimethyl modification at lysine 4
of histone H3. Sensitivity to chemotherapeutic agents and tumorigenicity were studied in Lc-iPC cells.
Results: Whereas the introduction of defined factors of iPC cells once induced an immature state and sen-
sitized cells to t] ic reagents, the end ion of the ES-like genes except for activated
c-MYC was d in a long-term culture, suggesting a high magnitude of the repro-
gramming induction by defined factors and the requirement of therapeutic maintenance in Lc-iPC cells
from cholangiocellular carcinoma HuCC-T1 cells, which harbor TP53%'7% and KRAS'?®, The Lc-iPC cells
showed resistance to 5-fluorouracil in culture, and high tumerigenic ability with activated endogenous
¢-MYC in immunodeficient mice.
Conclusion: The Lc-iPC cells from HuCC-T1 might be prone to an i
because of an association with the activated endogenous c-MYC. To consider the possible therapeutlc
approach in Gl cancer, it would be necessary to develop a predictive method for evaluating the improper
T iated of iPC cells.

Reprogramming
Induced pluripotent cancer
Cancer stem cells

© 2010 Elsevier Inc. All rights reserved.

1. Introduction which are irrelevant to genetic codes, are undoubtedly important
for generanng malignant cancer cell phenotypes. Nevertheless,
Cancer is a genetic and epigenetic disorder [1] characterized by the of effect of ic corrections remains to be
abnormal differentiation of cells [2]. Although genetic alterations, understood.
including activation of tumor-promoting oncogenes and inactiva- Non-cancerous somatic cells have recently been reprogrammed
tion of growth constraint tumor suppressor genes, are involved to a pluripotent state (induced pluripotent stem [iPS] cells) by the
in stepwise carcinogenesis, abnormal epigenetic modifications, ectopic expression of defined embryonic stem (ES)-like transcrip-
tional factors, c-MYC, SOX2, OCT3/4, and KLF4 [3]. We have shown
that introducing defined factors induced pluripotent cancer (iPC)
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cells from human gastrointestinal (GI) cancer [4]. The iPC cells
were sensitized to chemotherapeutic agents and differentiation-
inducing treatment, and tumorigenicity was reduced after a
short-term culture. While the defined factor-induced reprogram-
ming occurs fund lly at the epi ic level [5], the study




K. Nagai et al./Bic ical and Bi

Research Cc

indicates the possibility that epigenetic modifications could gener-
ate a significant magnitude to induce the sensitivity to differentia-
tion induction and chemotherapy reagents in Gl cancer.
Nevertheless, long-term behavior of iPC cells with deleterious
mutations remains to be studied. Furthermore, safety issues in-
volved in synthesizing tumor-producing iPS cells from non-cancer-
ous somatic cells should be addressed to avoid an unexpected
malignant transformation in the course of medical innervations
in human diseases.

In the present study, we introduced defined factors in three GI
cancer cell lines to establish short-term cultured (Sc)-iPC cells,
similar to iPS/iPC cells production [3,4], which were culturéd to as-
sess long-term cultured (Lc)-iPC cells. The aggressive phenotype
was observed in a cell line with genetic mutations, which were
associated with endogenous c-MYC activation.

2. Materials and methods

For detailed information see Supplementary Information.
2.1. Cell culture

Three GI cell lines were maintained in DMEM (Sigma, St. Louis,
MO) containing 10% fetal bovine serum (FBS) at 37°C in a 5%
humidified CO, atmosphere, and used for reprogramming. Colorec-
tal cancer DLD-1 and hepatocellular carcinoma PLC/PRF/5 (PLC)
cells were purchased from the Japanese Cancer Research Resources
Bank (Tokyo, Japan), and cholangiocellular carcinoma HuCC-T1
cells were a gift from Dr. Gregory ]. Gores. PLAT-E cells (Cell Bio-
labs, San Diego, CA) were maintained in DMEM containing 10%
FBS, 1 pg/ml puromycin (Sigma), and 10 pg/ml blasticidin (Sigma).
293FT (Invitrogen, Carlsbad, CA) cells were maintained in DMEM
containing 10% FBS and 500 pg/ml geneticin (Invitrogen). The
medium was replaced every 2 or 3 days.

2.2. Transfection and Sc-iPC cells production

293FT cells were used to produce the lentiviral vector harboring
the mouse retroviral receptor by introducing the pLenti6/UbC/
mSlc7al plasmid (Addgene Cambridge, MA). After transfection, the
lentivirus was purified by filtration. Cancer cells transfected using
the lentivirus mSlc7a1, as described above, were infected with retro-
viruses in the medium. Retroviral vectors were produced by transfect-
ing constructed plasmids into PLAT-E cells, and the culture medium
was purified by filtration, concentrated, and used for infection.

Eight days after transduction, the transfected cells in 10% FBS-
DMEM were harvested and re-plated on culture plates coated with
Matrigel hESC-qualified Matrix (BD Biosciences, Bedford, MA). The
medium was replaced the next day with mTeSR1 medium (Stem-
Cell Technologies, Vancouver, BC, Canada). Post-Sc-iPC production
was induced as described previously [4]. Post-Sc-iPC cells were
cultured for an additional 10 weeks in 10% FBS-DMEM primary
culture medium until day 90 to induce Lc-iPC cells.

2.3. Quantitative reverse transcription (RT)-PCR

Total RNA was extracted, reverse transcribed, and subjected to
quantitative real-time RT-PCR using the LightCycler TagMan Mas-
ter kit (Roche Diagnostics GmbH, Mannheim, Germany) and the
LightCycler FastStart DNA Master SYBR Green I kit (Roche).

2.4. Immunofluorescence staining

Cells were fixed in 4% parafor i ained with
specific antibodies, and visualized by fluorescence microscopy

395 (2010) 258-263 259
(BZ-8000; Keyence, Osaka, Japan). For adipogenic or osteogenic
differentiation, iPC cells were treated with the supplements
(R&D Systems, Minneapolis, MN) in culture medium for 2 weeks.

2.5. Chromatin immunoprecipitation assay

Cells were c linked with 1% for ecip-
itated using the anti-trimethyl lysine 4 hlstone H3 antibody
(Nippon Gene, Toyama, Japan), and used for semi-quantitative PCR.

2.6. Invasion and chemosensitivity assay R

Cell invasion was assessed using a CytoSelect Cell Invasion
Assay kit (Cell Biolabs) with or without 100 nM retinol (RA; Sigma)
or 10 nM 1,25-dihydroxy-vitamin D3 (VD3; Sigma) treatment. The
in vitro chemotherapeutic sensitivity to 5-fluorouracil (5-FU;
Kyowa Hakkou, Tokyo, Japan) was assessed by the 3-(4-,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetr ide (MTT; Sigma)
assay.

2.7. In vivo tumorigenicity assay

In vivo tumorigenicity was evaluated by transplanting cells into
immunodeficient NOD.CB17-Prkdcscid/] (NOD-scid) mice (Charles
Liver, Yokohama, Japan). Eight weeks after injection, tumors were
dissected, measured, and fixed with 4% paraformaldehyde. Paraf-
fin-embedded tissue was sliced, stained with hematoxylin-eosin
(HE), and subjected to immunohistochemistry using the anti-c-
Myc antibody.

3. Results

3.1. Introduction of defined ES-like transcriptional factors elicited an
immature state in cancer cells

The experimental schedule is shown in Fig. 1A. Four defined fac-
tors, c-MYC, SOX2, OCT3/4, and KLF4, were transfected into three can-
cer cell lines, HuCC-T1, PLC, and DLD-1, using the retroviral
packaging cell line PLAT-E at day 0. Cells were trypsinized, har-
vested, and re-plated onto Matrigel-coated plates at day 8 after
transfection. The next day, culture dishes were replaced with human
ES cell culture medium (mTeSR1). Three weeks after transduction,
round-shaped, colonies, which were distinct from background cells,
started appearing. The colonies were picked up at day 30 (Supple-
mentary Fig. S1) and NANOG expression was confirmed using fluo-
rescence microscopic observation for green fluorescent protein
(Gfp) expression after transiently transfecting the NANOG pro-
moter-Gfp vector (data not shown). We obtained approximately
~10 Gfp-positive Sc-iPC colonies from 1 x 10* cancer cells.

Quantitative RT-PCR analysis with specific primers showed that a
temporal increase in the expression of four transfected genes (Tgs),
¢-MYC, SOX2, 0CT3/4, and KLF4, was observed at day 5, although they
were absent at day 0. The expression decreased to low or undetect-
able levels on day 30, suggesting gene silencing (Fig. 1B). In contrast,
the transfected and endogenous expression levels of ES-like genes,
¢-MYC, SOX2, OCT3/4, KLF4, NANOG, and REX1, apparently increased
at day 30, compared with those at day 0 (Fig. 1C). The Sc-iPC cells
data were consi with previ di On non-cancerous
somatic cells (iPS cells; [3]) and other cancer cells (iPC cells; [4]).

3.2. Sc-iPC cells expressed i
associated epigenetic modifications

related surface antiy and

To assess the acquisition of an immature state, Sc-iPC cells at
day 30 were stained with immature-related surface antigens.
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Fig. 1. Induction of ES-like genes in human GI cancer cells. Lentiviral and retroviral-mediated ES-like gene transfer induced a pluripotent state in three GI cancer cell lines to
form iPC cells from three GI cancer cell lines. (A) Time course schedule of Sc-iPC, post-Sc-iPC, and Lc-iPC cells production. (B,C) Quantitative RT-PCR of Tg (B) and total mRNA

© temporal transgens after ion and

ES-like genes c-MYC, SOX2, OCT3/4, KLF4, NANOG, and REX1 in Sc-iPC cells

from HuCC-T1 cells. The expression of mRNA copies was normalized against GAPDH mRNA expression.

Immunocytochemistry revealed that induced cells were positively
stained with tumor-related antigens (Tra)-1-60, Tra-1-81, Tra-2-
49, and stage-specific embryonic antigen (Ssea)-4 (Fig. 2A), indicat-
ing the maintenance of an immature state in Sc-iPC cells. Similar
data were obtained for all three cell lines, and a representative re-
sult from HuCC-T1 and PLC cells are shown.

Epigenetic modifications were confirmed by assessing histone
methylation. Chromatin immunoprecipitation using the trimethyl
histone H3 protein at lysine 4 (H3K4) antibody indicated that
H3K4 of NANOG and OCT3/4 promoters were trimethylated in Sc-
iPC cells, but not in parent nor post-Sc-iPC cells; post-Sc-iPC cells
were prepared from Sc-iPC cells by culturing cells in embryonic
body culture conditions (EBC) for 1 week and then in primary cul-
ture medium for another 1 week (Fig. 2B). Trimethylation of the
SOX2 promoter was detected in Sc-iPC cells and to a lesser extent
in parental cells. The results indicated that the promoters of ES-like
genes were activated in Sc-iPC cells.

3.3. Sc-iPC cells showed differentiation in vitro

To assess their ability to differentiate, we placed Sc-iPC cells in
differentiation culture medium with an osteogenic or adipogenic
supplement for 2 weeks (Fig. 2C and E). The data indicated that
Sc-iPC cells were susceptible to differentiation, which was studied
by positive staining for Osteocalcin (specific for osteocytes) or
Fabp4 (specific for adipose cells), but not for parental cells
(Fig. 2D and F; data not shown). Quantitative RT-PCR analysis with
specific primers showed that post-Sc-iPC cells from HuCC-T1 were
expressing paired box 6 (PAX6, representing ectoderm), microtu-

bule-associated protein 2 (MAP2, representing ectoderm) and
E-cadherin (CDH1, representing endoderm). Taken together, it is
suggested that Sc-iPC cells have ability to express differentiation
markers into three germ layers.

3.4. Sc-iPC cells were

to differ

ing reagents

The proliferation of Sc-iPC (Supplementary Fig. S2A) after 48 h
incubation was not significantly different from that of parental
HuCC-T1 cells. In contrast, treatment with differentiation inducers
of RA or VD3 for 48 h resulted in a significant decrease in the inva-
siveness ratio of post-Sc-iPC cells ¢ d to HuCC-T1 p 1
cells (Supplementary Fig. S2B and C). RA is commonly used for
the treatment of acute promyelocytic leukemia, which involves dif-
ferentiation of immature leukemic promyelocytes into mature
granulocytes [6]. It has been suggested that RA or VD3 treatment
is effective for inducing differentiation of post-Sc-iPC cells.

3.5. Cultured Lc-iPC cells showed increased proliferation and 5-FU
resistance

In proliferation assay, Lc-iPC cells from HuCC-T1 proliferated in a
high magnitude, compared with parental cells significantly (Fig. 3A).
To compare the sensitivity of Lc-iPC cells to anti-cancer drugs with
that of parental cells, we performed the MTT assay for 5-FU. The
1Csq value of Le-iPC cells from HuCC-T1 cells was significantly higher
than that of parental cells (Fig. 3B), indicating that a long-term cul-
ture may elicit malignant transformation of iPC cells compared to
clones immediately after inducing reprogramming [4].

—23—
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1-60, Tra-1-80, Tra-2-49, and Ssea-4. Bar, 200 pm; Original magnification, 200x. (B) Histone modification status in parental, Sc-iPC, and post-Sc-iPC cells from HuCC-T1 was
analyzed using chromatin immunoprecipitation with the trimethyl-K4 H3 antibody. H3 lysine 4 was methylated in the prnmo(er regions for NANOG and OCT3/4 in Sc-iPC

cells, but not in parental and post-Sc-iPC cells. Respective sheared chromatin samples were used as control for i PCR. Li directed dif

of Sc-

iPC cells to osteocytes or adipocytes demonstrated that osteocyte-differentiated Sc-iPC cells (C) were posmve for Osteocalcin (D) and adipocyte-differentiated Sc-iPC cells (E)

were positive for Fabp4 (F). Bar, 200 pm; Original magnification, 100x. (G) PAX6, CDH1, and MAP2

were eval RT-PCR in parental HuCC-T1,

Sc-iPC, and post-Sc-iPC cells. The expression of mRNA copies was normalized against GAPDH mRNA expression.

3.6. Lc-iPC cells formed c-Myc-positive tumors in immunodeficient
mice

Since the preceding proliferation assay indicated high activity,
we inoculated HuCC-T1-derived Lc-iPC cells into NOD-scid mice
to assess the in vivo tumorigenicity. Tumors were formed 4 weeks
after inoculation (Fig. 3C and D). Interestingly, 8 weeks after injec-
tion the size of these tumors was significantly larger in Lc-iPC cells
as compared to that in parental cells (Fig. 3E). The H-E staining
indicated that tumors of Lc-iPC cells showed no apparent terato-
mas, but indicated the presence of a proliferating phenotype as
compared to those of parental cells (Fig. 3F and G). Immunohisto-
chemical staining with anti-c-Myc antibody indicated that Lc-iPC-
formed tumors were positive for c-Myc, compared to parental
cell-derived tumors (Fig. 3H and I), suggesting that c-Myc activa-
tion may play a role, at least partially, in the development of a
malignant Lc-iPC cell phenotype.

3.7. Lc-iPC cells expressed the activated endogenous c-MYC gene but
not other ES-like transcriptional factors

To elucidate the mechanism of activated c-MYC expression in
Ls-iPC cell-derived tumor in NOD-scid mice, the expressions of
endogenous and transgenic ES-like transcriptional factors were
investigated in Lc-iPC cells from HuCC-T1. As shown in Fig. 4A,

the expression of the ES-like transcriptional factor mRNAs includ-
ing SOX2, OCT3/4, KLF4, and NANOG was decreased drastically,
whereas total amount of c-MYC expression was detectable in an
appreciable level. The origin of c-MYC was found to be endogenous,
since transgenic c-MYC expression was undetected (Fig. 4B), indi-
cating endogenous c-MYC activation of Lc-iPC cells increased
tumorigenisity in NOD-scid mice.

3.8. Lc-iPC cells lost the expression of immature-related surface
antigens and associated epigenetic modifications

To elucidate the immature status of Lc-iPC cells from HuCC-T1,
we investigated immature-related surface antigens and histone
modification status. Lc-iPC cells from HuCC-T1 lost their expres-
sion of immature-related surface antigens including Tra-1-60,
Tra-1-81, Tra-2-49, and Ssea-4 (Supplementary Fig. S3); NANOG,
OCT3/4, and SOX2 promoters of Lc-iPC cells were slightly trimethy-
lated, indicating that these three ES-like genes were inactivated

(Fig. 4C), and suggesting that c-MYC is prone to activation in the
Lc-iPC cells.

4. Discussion

Gl cancer is a major cause of death in several developed
countries, including Japan. After therapeutic interventions, such
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Fig. 3. MTT assay, proliferation in vitro, tumor formation in vivo, and c-Myc immunohistochemistry by induced Lc-iPC cells from HuCC-T1. Proliferation assay showed an
increased proliferation (A; n =5, *p =0.012) and MTT assay showed an increased ICsq for 5-FU (B; n =7, **p = 0.001) in Lc-iPC cells from HuCC-T1 as compared with parental
cells. Lc-iPC and parental cells from HuCC-T1 were subcutaneously transplanted into three parts of NOD-scid mice. Four weeks after injection (C and D), tumors were palpable
subcutaneously. Tumors were dissected and measured 8 weeks after injection. Tumors from Lc-iPC cells were larger than those from parental cells when 1000 and 10,000
cells were injected (n =6, ***p = 0.005, “***p = 0.005, respectively). H-E staining of dissected tumor, (F) parental cells from HuCC-T1; (G) Lc-iPC cells from HuCC-T1. Tumors
from Lc-iPC cells were less differentiated than parental cells. c-Myc immunohistochemistry showed that tumors of Lc-iPC cells from HuCC-T1 (1) expressed c-Myc protein
more than those from parental cells (H). Bar, 100 pm; Original magnification, 100x, 400x.

as surgery and conventional chemoradiation therapy, tumor reduc-
tion and remission occur in more than half of the cases, although
tumors can relapse and spread to other organs, i.e., metastasis.
To overcome resistance to therapy, we recently showed that GI
cancer reprogramming can sensitize cancer cells to differentiation
and chemotherapeutic agents [4], indicating that further investiga-
tion is required on reprogramming of cancer cells to discover novel
therapeutic approaches.

Several studies have reported reprogramming of cancer cells,
including skin cancer or melanoma cells, using vectors harboring
micro RNA-302 [7], OCT3/4, c-MYC, and KLF4 [8], by nuclear trans-
plantation [9]; but also GI cancer by introducing ES-like genes,
which have been mentioned as iPS genes [4]. Introducing defined
factors could be the advancement for science and technology as
compared with reprogramming by nuclear transplantation, which
might be necessary for determining safety issues. iPS cells, similar
to ES cells, have the potential to form teratomas following inocula-
tion in immunodeficient mice, presumably through the involve-
ment of retroviral integration, retaining immature clones, and
oncogenic c-MYC activation, which is consistent with the findings
of the present study.

However, the involvement of c-MYC should be further investi-
gated. A previous report indicated that tumors formed in iPS cell-
derived chimeric mice could be attributed to the reactivation of

the c-MYC retroviral transgene [10], whereas another report stated
that the propensity for teratoma formation from a secondary neur-
osphere, derived from mice iPS cells, may depend on the tissue of
origin but not on c-MYC transgene reactivation [11]. In our study,
induced Lc-iPC cells showed increased proliferation and chemore-
sistance to 5-FU and stained strongly positive for c-Myc, which
may be relevant to endogenous c-Myc activation in tumors, as de-
tected by quantitative RT-PCR (Fig. 4A and B).

Nevertheless, we must consider other factors involved in iPC
cells induction, such as genomic abnormalities, which are the usual
characteristics of cancer cells. A possibility is that TP53%75H and
KRAS®’?® genomic mutations of HuCC-T1 may be relevant to the
present observation [13] (data not shown). KRASS'?2, a common
mutation in solid cancers, is an active form of the KRAS gene. Mice
expressing oncogenic Kras®’?® and mutant Tp53 accelerated the
onset of cancer [12]. Taken together, data suggest that HuCC-T1
reprogramming may affect the pathways of these two mutated
proteins.

Based on our results, we are confident of developing more effec-
tive differentiation therapies to conquer cancer if we find more
appropriate differentiation pathways; however, further analysis
of Sc-iPC and Lc-iPC cell properties is needed. Our data suggest that
this new reprogramming technology will be a key to conquer bile
duct carcinoma through its high magnitude of effect on sensitiza-
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Fig. 4. Immature state of induced Lc-iPC cells from HuCC-T1. (A) Quantitative RT-PCR of total mRNAs of ES-like genes demonstrated genes expression, including c-MYC, SOX2,
OCT3/4, KLF4, and NANOG, of Lc-iPC cells from HuCC-T1, decreased drastically compared to that of Sc-iPC cells except c-MYC. The expression of mRNA copies was normalized
against GAPDH mRNA expression. (B) The RT-PCR of Lc-iPC from HuCC-T1 did not detect transgene (Tg) c-MYC. Day5, HuCC-T1 cells five days after transfection (c-MYC, SOX2,
OCT3/4, and KLF4); pMXs-hc-MYC, pnsmve control reamon Df vectar DW, negative control with water. (C) Histone modification status in parental and Lc-iPC cells from

HuCC-T1 was analyzed using
0CT3/4 and SOX2 promoters in Lc-iPC cells, and SOX2 in parental cells.

tion to a series of reprogramming-mediated, anti-cancer therapies,
and that a predictive method will be necessary for evaluating the
improper reprogramming-associated aggressive phenotype of iPC
cells. In future, a day will come when cancer will be cured more
effectively by newly discovered pharmacogenomic medicine based
on reprogramming technology.

5. Conclusion

Although defined factor-induced reprogramming of gastrointes-
tinal cancer cells is a promising approach for the treatment of can-
cer, we noted that Lc-iPC cells may be prone to genomic instability
presumably due to genetic and epigenetic alterations including
endogenous c-MYC activation, which is characteristic of cancer
cells and is associated with reprogramming technology. To exclude
therapy-resistant clones in GI cancer, it is necessary to develop a
predictive method for evaluating improper reprogramming-associ-
ated aggressive phenotype of reprogrammed cells.
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Although the notion that cancer is a disease caused by genetic and epigenetic
alterations is now widely accepted, perhaps more emphasis has been given to the
fact that cancer is a genetic disease. It should be noted that in the post-genome
sequencing project period of the 21st century, the underlined phenomenon
nevertheless could not be discarded towards the complete control of cancer
disaster as the whole strategy, and in depth investigation of the factors associated
with tumorigenesis is required for achieving it. Otto Warburg has won a Nobel
Prize in 1931 for the discovery of tumor bioenergetics, which is now commonly
used as the basis of positron emission tomography (PET), a highly sensitive
noninvasive technique used in cancer diagnosis. Furthermore, the importance of
the cancer stem cell (CSC) hypothesis in therapy-related resistance and metastasis
has been recognized during the past 2 decades. Accumulating evidence suggests
that tumor bioenergetics plays a critical role in CSC regulation; this finding has
opened up a new era of cancer medicine, which goes beyond cancer genomics.

Key Words: Cancer, genetics, bioenergetics, cancer stem cells

According to the modern understanding of cancer, it is a disease that is primarily
associated with genetic and epigenetic alterations.' Numerous studies, including
our earlier works, have supported the notion that carcinogenesis involves the
activation of tumor-promoting oncogenes and the inactivation of growth-inhibiting
tumor suppressor genes. However, extensive research is warranted in two areas,
namely, tumor bioenergetics and the cancer stem cell (CSC) hypothesis, which
did not receive the required attention after the success of the genome sequencing
project ofthe 21st century. An investigation of these two concepts would give rise
to a new era in the study of cancer biology. Indeed, recent studies have indicated
that the two apparently distinct fields might be related to each other and can
converge more rapidly than previously recognized.

The Warburg effect
Otto Warburg won a Nobel Prize in 1931 for his work on respiratory impairment
in cancer. Warburg showed that unlike normal tissues that derive most of their
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ATP by metabolizing glucose to carbon dioxide and water,
which is an oxygen-dependent process performed by the
mitochondria, cancer cells rarely depend on mitochondria
for respiration and obtain almost half of their ATP by
directly metabolizing glucose to lactic acid, even in the pre-
sence of oxygen.” However, with the discovery that tumors
do not show any shift to glycolysis,” Warburg’s cancer
theory (high lactate production and low mitochondrial res-
piration in tumor under normal oxygen pressure) was gradu-
ally discredited. The ascendancy of molecular biology over”
the last quarter of the century has placed more emphasis on
the genetic alterations of cancer cells, and eclipsed the
study of tumor bioenergetics, including Warburg’s ideas.

Significance of the Warburg effect

The increasing number of recent reports on the Warburg
effect has reestablished the significance of this effect in
tumorigenesis, indicating that bioenergetics may play a
critical role in malignant transformation. Furthermore, it
has been reported that 7P53, which is one of the most com-
monly mutated genes in cancer, can trigger the Warburg
effect.* Glycolytic conversion is initiated in the early stages
in cells that are genetically engineered to become cancer-
ous, and the conversion was enhanced as the cells became
more malignant.® Therefore, the Warburg effect might direc-
tly contribute to the initiation of cancer formation not only
by enhanced glycolysis but also via decreased respiration
in the presence of oxygen, which suppresses apoptosis.® This
effect may also produce a metabolic shift to enhanced gly-
colysis and play a role in the early stages of multistep tumo-
rigenesis in vivo.’

Embryonic stem (ES) cells and immortalized primary
and cancerous cells show the common concerted metabolic
shift, including enhanced glycolysis, decreased apoptosis,
and reduced mitochondrial respiration; however, the me-
chanism underlying this shift is poorly characterized.” This
finding reinforces the use of somatic stem cells or metas-
tatic tumor cells in hypoxic niches. Hypoxia appears to
regulate the functions of hematopoietic stem cells in the
bone marrow* and metastatic tumor cells (M. Mori, unpu-
blished data) by preserving important stem cell functions,
such as cell cycle control, survival, metabolism, and pro-
tection against oxidative stress.

However, this idea is still a controversial topic;* one of
the arguments suggest that the Warburg effect is the
consequence of cancer, and not the main contributing factor
of the disease. Nevertheless, several companies and labora-
tories, including ours, are now attempting to evaluate the
bioenergetics associated with tumorigenesis by testing and
challenging the available anticancer drugs.

The Warburg effect is now the basis for positron emission
tomography (PET), a highly sensitive noninvasive techni-

que used in pre-clinical and clinical imaging of cancer
biology; this technique has facilitated early diagnosis and
better management of oncology patients.” With greater
acceptance, it should become an increasingly important
technique for cancer imaging in the next decade.’

The hypothesis

In 1937, Furth and Kahn" showed that leukemia can be
initiated in mice using a single tumorigenic cell. This gave
rise to a notion that a single or a few malignant cells,
which have been transformed from normal somatic cells,
can produce tumors. During the tumn of the 21st century,
the CSC hypothesis has gained recognition again, mainly
in the Western world. After the identification of rare
CSCs in leukemia,”* molecular markers for detecting
CSCs in solid tumors, such as head and neck," breast,”
and brain cancers,*"” have also been identified. The re-
search team at one of our laboratories has obtained the
first evidence of CSCs in the gastrointestinal system,’ and
our findings have subsequently been confirmed by other
researchers.”*

Significance of the hypothesis

A small population of cancer-initiating cells plays a very
important role, in that it may cause resistance to chemothe-
rapy or radiation therapy or lead to post-therapy recurrence
even when most of the cancer cells appear to be dead? In
addition to their genetic alterations, CSCs are believed to
mimic normal adult stem cells with regard to properties
like self renewal and undifferentiated status, which eventu-
ally leads to the formation of differentiated cells.”* More-
over, unlike well-differentiated daughter cells, small popula-
tions of CSCs are believed to be more resistant to toxic
injuries and chemoradiotherapy.> Whereas the conventional
cancer therapies have always been targeted toward proli-
ferating cells, the control of CSCs, which is often exercised
in the dormant phase of the cell cycle, can now be applied
to achieve complete tumor regression.

Identification of cancer-specific markers

Due to their potential use in clinical applications, the surface
markers of CSCs have been studied and identified. Adult
stem cells and their malignant counterparts share similar
intrinsic and extrinsic factors that regulate the self renewal,
differentiation, and proliferation pathways.** The following
are the examples of candidate markers: musashi-1 (Msi-1),*
hairy and enhancer of split homolog-1 (Hes-1),* CD133
(prominin-1, Prom1),** epithelial cellular adhesion mole-
cule (EpCam),” claudin-7,” CD44 variant isoforms,” Lgr5,*
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Hedgehog (Hh),” bone morphogenic protein (Bmp),*
Notch,* and Wnt.** Nevertheless, little is known about the
molecular markers that are characteristic of dormant stem
cells and amplified populations of differentiating cells of
solid tumors, such as the tumors of the gastrointestinal
tract.”

BIOENERGETICS OF

CER § LLS

The bioenergetics associated with the adaptation of CSCs
to their microenvironment still requires extensive research.
Although numerous studied suggested the association
between Warburg effect and reduced oxidative stress in
cancer, the relevant molecular mechanism was not known
until very recently when Ruckenstuhl, et al.¢ reported their
findings in a yeast model.

Hypoxic adaptations in the presence of oxygen

Through different biochemical and biophysical pathways,
which are characteristic to cancer cells, tumor cells adopt
this phenotype, i.e., high glycolysis and decreased respira-
tion, in the presence of oxygen. It has been shown that
although the induction of hypoxia and cellular proliferation
engage entirely different cellular pathways, they often
coexist during tumor growth.* The ability of cells to grow
during hypoxia results, in part, from the crosstalk between
hypoxia-inducible factors (Hifs) and the proto-oncogene
c-Myc.* These genes partially regulate the development of
complex adaptations of tumor cells growing in low Oz, and
contribute to fine tuning the adaptive responses of cells to
hypoxic environments.*® Nevertheless, how cancer cells
achieve one of the most common phenotypes, namely, the
“Warburg effect,” i.e., elevated glycolysis in the presence
of oxygen, is still a topic of hypothesis, unless the involve-
ment of glycolysis genes is considered.

Recently, it was shown that the hexokinase 2 (Hk-2)
protein, its mitochondrial receptor, namely, voltage-depen-
dent anion channel (Vdac), and the gene encoding Hk-2
play the most pivotal and direct roles in the “Warburg
effect,” despite some impairment in the respiratory capacity
of malignant tumors is involved.” Furthermore, metabolic
reprogramming during physiologic cell proliferation and
tumorigenesis may alter cell growth and proliferation by
modifying the flux of cellular mediators of signal transduc-
tion and gene expression, including the expression of
phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR system,
hypoxia-inducible factor 1 (Hif-1), and Myc.* In parti-
cular, the genes of many glycolysis enzymes are under the
control of Myc, Hif-1, and tumor suppressor p53,” suggest-
ing that enhanced glycolysis is essential for both immor-

talization and transformation, since it renders cells resistant
to oxidative stress and adaptive to hypoxic condition.”

Low oxidant levels in the niche

A study on hematopoietic stem cells revealed that low
levels of reactive oxygen species are present in the bone
marrow.” A low-oxygen niche in the bone marrow limits
reactive oxygen species production, thus providing hema-
topoietic stem cells with a long-term protection from reac-
tive oxygen species stressors such as senescence, apoptosis,
and DNA damage.” The research indicated that it is possible
to isolate the early hematopoietic stem cell population by
taking advantage of limited intracellular reactive oxygen
species activity.* Thus, somatic stem cells such as those in
the hematopoietic system reside in the hypoxic area in the
bone marrow niche, which affords them protection from
deleterious damages, presumably through the involvement
of glycolytic metabolism.**

The Warburg effect has been observed in differentiating
cancer cells (e.g., cells that undergo epithelial-to-mesen-
chymal and mesenchymal-to-amoeboid transition), cells
resistant to anoikis, and cells which interact with the stromal
components of the metastatic niche.” We showed that the
epithelial-to-mesenchymal transition is involved in the
resistance to chemotherapy in gastrointestinal cancer cells.®
Cancer is can be regarded as an i d “escape
program” triggered by redox changes.” These alterations
might be associated with avoiding oxidative stress in the
niche of the tumor cells, or presumably with the response
to treatments aimed at genetic targets, such as chemothe-
rapy and radiation. Regulation of reactive oxygen species
in CSCs population is an important issue; we are inves-
tigating this topic by in vitro and in vivo experiments.

CONCLUSION

We studied the significance of bioenergetics of CSCs.
Although the accomplishments of the genome project have
contributed to cancer research and medicine, we have to
pay more attention inimproving cancer diagnosis and
therapy. In this article, we have highlighted the significance
of a few relevant concepts, which have been recently disco-
vered. Moreover, our study indicated that the introduction
of induced pluripotent stem (iPS) cell genes was necessary
for inducing the expression of immature status-related
proteins in gastrointestinal cancer cells, and that the induced
pluripotent cancer (iPC) cells were distinct from natural
cancer cells with regard to their sensitivity to differentiation-
inducing treatment.” For the complete eradication of
cancer, however, future efforts should be directed toward
improving translational research.
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CD13 is a therapeutic target in human liver
cancer stem cells

Naotsugu Haraguchi,"? Hideshi Ishii,’® Koshi Mimori,® Fumiaki Tanaka,® Masahisa Ohkuma,*
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Cancer stem cells (CSCs) are generally dormant or slowly cycling tumor cells that have the ability to recon-
stitute tumors. They are thought to be involved in tumor resistance to chemo/radiation therapy and tumor
relapse and progression. However, neither their existence nor their identity within many cancers has been well
defined. Here, we have demonstrated that CD13 is a marker for qui CSCsinh liver cancer cell
lines and clinical samples and that targeting these cells might provide a way to treat this disease. CD13* cells
predominated in the Go phase of the cell cycle and typically formed cellular clusters in cancer foci. Following
treatment, these cells survived and were enriched along the fibrous capsule where liver cancers usually relapse.
Mechanistically, CD13 reduced ROS-induced DNA damage after genotoxic chemo/radiation stress and pro-
tected cells from apoptosis. In mouse xenograft models, combination of a CD13 inhibitor and the genotoxic
chemotherapeutic fluorouracil (5-FU) drastically reduced tumor volume compared with either agent alone.
5-FU inhibited CD90* proliferating CSCs, some of which produce CD13* semiquiescent CSCs, while CD13
inhibition suppressed the self-renewing and tumor-initiating ability of dormant CSCs. Therefore, combining
a CD13 inhibitor with a ROS-inducing chemo/radiation therapy may improve the treatment of liver cancer.

Introduction
Functional and morphologic heterogeneity exists in a tumor with
a hierarchy in which tumor growth is driven by a small subset of
cancer stem cells (CSCs) (1). Like normal tissue stem cells, which
are capable of self renewal and mulridifferentiation, CSCs have the
ability to reconstitute tumors (2). In the hemarologic cell lineage,
stem cells exist in the dormant phase and can be detected as a side
population (SP) (3). Generally, CSCs, like somatic tissue stem cells,
proliferate slowly, i.e., they are in the dormant or slow-growing
phase of the cell cycle. This partially accounts for their therapeu-
tic refractoriness to chemo/radiation therapy, tumor relapse, and
presumably metastasis. The CSCs of acute myeloid leukemia (4)
and chronic myeloid leukemia (S) also survive in the dormant Go
phase of the cell cycle in a bone marrow niche after chemotherapy.
Relapses and metastases of breast cancer often occur after inter-
vals of several decades, suggesting the involvement of a deep dor-
mant phase for CSCs (6). The majority of liver cancers are superim-
posed on a background of chronic hepatitis and hepatic cirrhosis.
Therefore, it may be difficult to distinguish between intrahepatic
metastasis through portal or hepatic venules and metachronous
multicentric development of liver cancer in a precancerous back-
ground. However, there are some cases of liver cancer in which can-
cer recurs in the liver or metastasizes to the lung and bone several
years after radical hepatectomy or liver transplantation. This sug-
gests that some slow-growing cancer cells also exist in liver cancer
but these may not be in deep dormancy like breast cancer CSCs.
Anticancer reagents in clinical use generally affect division and
proliferation of cancer cells. This could result in elimination of
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proliferating cancer cells but not reduce the survival of CSCs in
the dormant or slow-growing phase. Thus, the identification and
characterization of dormant or slow-growing CSCs are important
for developing novel therapeutic approaches.

In scudies of hepatocellular carcinoma (HCC) (7), the fifth most
common cancer in the world, the SP fraction (8), CD133* (9-11),
CD44" (11, 12), CD90* (12, 13), and epithelial cell adhesion mol-
ecules (14) were reported as markers of CSCs or cancer-/tumor-ini-
tiating cells. The majority of CSC studies focus on identification
of cell markers to enrich cell populations that have high tumor
initiation ability in immune-deficient mice. In the field of liver
cancer CSCs, there have been few reports describing dormant or
slow-growing CSCs that include their cellular characteristics or
indicate a way to target these cells based on cytological evidence.
In addition, there have been few reports that clearly indicate the
interrelationships among these candidate markers.

In a previous study (similar to hematopoietic and leukemic stud-
ies), we reported chat the SP fraction enriches the CSC-like frac-
tions. Cells of the SP fraction express both hepatocyte and cholan-
giocyte markers, show high resistance to anti-cancer agents, and
high tumorigenicity in NOD/SCID mice (8). Based on our previous
dara (8) and applying the techniques of hematopoietic stem cell
studies (3-5), our aims were as follows: first, to clarify the relation-
ships between reported candidate CSC markers; second, to assess
whether dormant CSCs exist in liver cancer and to concentrate on
cell-surface markers, which definitively identify potencially dor-
mant CSCs; third, to clarify the cellular characteristics of poten-
tially dormant CSCs and to identify the mechanisms that protect
potentially dormant CSCs from chemo/radiation therapy; finally,
to identify target molecules of liver cancer CSCs to initiate novel
approaches that could lead to a future radical cure for liver cancer.
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in SP and non-SP cells by semiquantitative RT-PCR. Data represent mean + SD from independent experiments of fractions differentially sorted

by flow cytometry. *P < 0.01; **P = 0.076 versus non-SP fractions. The

cut-off lines were determined using isotype controls. (C) Expression of

CD13, CD133, and CD90 in HUH7 (upper panels) and PLC/PRF/5 cells (lower panels). Horizontal and vertical axes denote expression intensity.
(D) The SP fraction is recognized as a “beak” appearing beside the Gy phase fraction. The relationship between CD13* and CD13- cells and the

SP fraction was studied using multicolor flow cytometry.

Results

CD13 is a candidate marker closely correlated with SP cells. To identify
specific cell-surface markers that correlate with the SP fraction,
we utilized our previous data sets of SP and non-SP fraction gene
expression profiles obtained using microarray analyses (8). From a
list of 268 genes upregulated in the SP cells (with a fold change > 2)
(8), we selected 56 genes that potentially encode cell-surface proteins
via the UniProtKB database (http://www.uniprot.org/). Working
from the list of 56 upregulated genes (Supplemental Table 1; sup-
plemental material available online with this article; doi:10.1172/
JCI142550DS1) and an additional 43 markers reported to be closely
associated with normal stem cells and CSCs, we tested 47 commer-
cially available antibodies (Supplemental Table 2) to identify surface
markers that were enriched in the SP fraction (Figure 1A).

During this screening, we identified 2 candidate markers, CD13
and CD31. The expression analysis of CD13 was 1.64 + 0.45 in the
SP and 0.51 + 0.03 in the non-SP cell fraction (P < 0.01) (Figure
1B). We focused on CD13 in the current study, since the expres-

The Journal of Clinical Investigation

heep://www

sion of CD31 was abundant in the G,/M/SP fraction but was
not universal in the liver cancer cell lines studied by us (HuH7,
PLC/PRF/S, and Hep3B), and the statistical significance was weak
(P=0.076) (Figure 1B and Supplemental Figure 1, A and B).

Expression of CD13, CD133, and CD90 was assessed in hepatitis
infection-negative (HuH7) and -positive (PLC/PRF/S) cell lines.
The expression of CD133 was detected in HuH7 but not in PLC/
PREF/S, and the expression of CD90 was detected in PLC/PRF/S
but not in HuH7. The expression of CD13 was observed in both
these cell lines as well as in Hep3B (Figure 1C and Supplemental
Figure 1A). In HuH?7 in particular, the CD13" cells typically existed
ina CD133%w¢ fraction (CD13*CD133*).

Multicolor analysis with Hoechst staining exhibited clear local-
ization of CD13* cells in the SP fraction of HuH7 and PLC/PREF/S,
whereas the CD13-CD133* and CD90" fractions were localized to
the Gy-to-G; fraction and not the SP fraction (Figure 1D). To con-
firm the cell-cycle status of the CD13" cells in PLC/PRF/S, cell-cycle
analysis by combined multicolor analysis and 7-amino-actinomy-
Volume 120 Number 9 3327
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Figure 2

CD13 is a candidate marker of dormant to slow-growing CSCs. (A) Dormant cells can be identified using the DNA-binding dye Hoechst 33342
and RNA-binding dye PY. Dormant cells contain lower RNA levels than G, phase cells. Combination analysis of the cell cycle with cell-surface
markers CD13, CD133, and CD90 was performed with reserpine. The cut-off lines were determined using isotype controls. (B) Time-lapse cell-
fate tracing of HuH7 cells. Cells were labeled with PKH26GL, isolated to their CD18+, CD13-CD133+, and CD13-CD133- fractions, and traced
for 238 hours. The dye-retaining cells can be identified as red-labeled cells (white arrow). Original magnification, x20. (C) Proliferation assay
of the CD13+CD133+*, CD13-CD133*, and CD13-CD133- fractions. Data represent mean + SD from independent experiments of fractions dif-
ferentially sorted by flow cytometry. *P < 0.05. (D) BrdU-retaining cells in serially transplanted control tumor specimens of HuH7 (6 weeks after
BrdU injection) and PLC/PRF/5 (10 weeks after BrdU injection). The sections were stained with anti-CD13 (red), BrdU (green), and DAPI (blue).
Top panels show lower magnification of the sections of HuH7 and PLC/PRF/5 (x10, HuH7 and left panel of PLC; x20, right panel of PLC). The
lower panels show high magnification (x40) of the place indicated by white arrows in the top panels.

cin D (7-AAD) DNA labeling was performed. The CD13*CD90"
population was mainly in the Go/G, phase, and the CD13*CD90*
population was clearly in the S to G,/M phase. The CD13-CD90*
cells were present in all phases of the cell cycle but were more
clearly present in the G2/M and S phases when compared with the
CD13*CD90" population (Supplemental Figure 1C).

In these studies, we confirmed CD13 as a universal candidate
marker that correlates with the liver cancer SP fraction. There were
no definitive single markers that showed a stronger correlation to
the SP fraction than CD13 and, to a lesser extent, CD31.

CD13 is a marker of tumor-initiating and potentially dormant HCC
cells. Given that hematopoietic and leukemic stem cells are in
the Go phase, identification and characterization of dormant or
slow-growing cancer cell populations is very important because of
these populations’ relevance to chemo resistance and recurrence.
Studies of CD13 expression in HuH7 and PLC/PRF/S and their
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relationships with the cell-cycle phase, using the DNA-binding
dye Hoechst 33342 and the RNA-binding dye pyronin Y (PY) (3),
indicated that most of the CD13* fraction exists in the G1/Go
phase and the CD13s%"% population was clearly localized in Gy.
The CD133" population in HuH7 and the CD90" fraction in PLC/
PRE/S were distributed in the G1/Go and G,/M phases, respec-
tively. The relationships between the SP fraction and the Gy cell-
cycle phase were also confirmed, and the SP fraction was clearly
localized in the Go phase under reserpine-free (ABC transporter
blocker) conditions (Figure 2A).

To study the cell fate and dye-retaining capacity of HuH7 CD13*
cells, the cell-surface membrane was labeled with PKH26GL reagent
and cell fate was traced for 238 hours. Equal numbers of cells were
seeded for each population. The CD13*CD133" fraction exhib-
ited very slow growth compared with the CD13-CD133* fraction,
with the doubling time of the CD13*CD133* fraction estimated
Volume 120
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Table 1

Limiting dilution angierial transplantation assay of HuH7 and PLC/PRF/5 cells

research article

to single cells and serially trans-
planted without isolation of

Cell type Assay Marker/cells 1x102  §5x102
HuH7 Limiting dilution CD13+CD133+ 2/4 2/4
HuH7 Limiting dilution CD13-CD133+ 0/4 0/4
HuH7 Limiting dilution CD13-CD133- 0/4 0/4
HuH7 Serial transplantation ~ CD13+CD133+ 0/4 1/4
HuH7 Serial fransplantation ~ CD13-CD133+ 0/4 0/4
HuH7 Serial transplantatibn Control 0/4 0/6
PLC Limiting dilution CD13+CDY0~ 2/4 2/2
PLC Limiting dilution CD13-CD90+ 0/4 212
PLC Limiting dilution CD13-CD90~ 0/4 0/4
PLC Serial transplantation CD13+CDI0- 0/4 2/4
PLC Serial transplantation GD13-CD90* 0/4 0/4
PLC Serial transplantation Control 0/6 0/6

cell-surface markers. BrdU was

1x108  5x10% 1x10¢ injected intraperitoneally. After
3/4 3/4 =, 6 weeks for HuH?7, and after 10
3/4 4/4 - weeks for PLC/PRF/S, tumors
0/4 0/4 = were enucleated and sections
3/4 4/4 3/4 were stained with anti-BrdU
04 04 14 and anti-CD13 antibody. In
0/ 0 26 the tumors derived from HuH7
414 &S - cells, very small numbers of
4/4 3/3 = e 1
03 04 _ BrdU-retaining cells that also
3/4 34 34 expressed CD13 were observed
0/4 0/4 1/4 typically in the edge of tumor
0/6 1/6 26 foci. BrdU-retaining cells were

not observed in the tumor

at approximately 160 hours. Dye-retaining cells could be observed
238 hours after cell seeding only in the CD13*CD133" fraction
(Figure 2B and Supplemental Videos 1-3). The CD13-CD133~
fraction exhibited cell fragmentation and apoptotic changes dur-
ing cell culture. To confirm CD13 expression in association with
cell growth, we performed cell proliferation assays. Data from iso-
lated HuH7 populations showed that CD13*CD133" cells exhib-
ited slow cell growth compared with CD13-CD133* cells 72 hours
after seeding (Figure 2C). The CD13-CD133" population also
grew slowly but maintained viability for a week, with difficulty,
because of apoptosis.

Next, tumor-formation ability of each fraction was studied in
HuH7 and PLC/PRF/S cells. Limiting dilution analysis of HuH7
cells revealed that the CD13*CD133" fraction formed tumors
from 100 cells (2/4), the CD13-CD133" fraction formed tumors
from 1,000 cells (3/4), and the CD13-CD133" fraction formed no
tumors from 5,000 cells (0/4) in NOD/SCID mice after 4 weeks
of observation. In PLC/PRF/S cells, the CD13*CD90" fraction
formed tumors from 100 cells (2/4),and the CD13-CD90" fraction
formed tumors from 5,000 cells (2/2), whereas the CD13-CD90~
cells formed no tumors from 5,000 cells (0/4) in NOD/SCID mice
after 6 weeks of observation (Table 1). To assess the tumor forma-
tion ability definitively, formed tumors were digested, and isolated
CD13*CD133* and CD13-CD133" fractions of HuH7 and isolated
CD13"CD90" and CD13-CD90* fractions of PLC/PRE/S were seri-
ally transplanted to secondary NOD/SCID mice. As controls, non-
isolated cell fractions of HuH7 and PLC/PRE/S were also serially
transplanted. Tumor formation ability of CD13" cells compared
with that of CD13 cells in serial transplantation assay was demon-
strated more clearly than that of limiting dilution assay. In HuH7,
after 6 weeks of observation, the CD13*CD133* fraction formed
tumors from 500 cells (1/4), whereas the CD13-CD133* fraction
and control formed very small tumors only in 10,000 cells (1/4 in
the CD13°CD133" fraction, and 2/6 in control). In PLC/PREF/S,
after 6 weeks of observation, the CD13*CD90" formed tumors
from 500 cells (2/4), and the control formed tumors from 5,000
cells (1/6), whereas the CD13°CD90" fraction formed 1 very small
tumor only in 10,000 cells (1/4) (Table 1).

To assess semiquiescent status of CD13* cells in vivo, BrdU-
retaining status was studied. Tumors obtained from NOD/SCID
mice xenografted with HuH7 and PLC/PRF/5 cells were digested
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center. Tumors derived from

PLC/PRF/S cells grew more

slowly than did those derived
from HuH? cells. BrdU-retaining cells could be identified and did
express CD13. Interestingly, clusters of CD13*BrdU" cells were
observed close to CD13*BrdU* cells, suggesting that they might
be derived from the CD13*BrdU* cells (Figure 2D).

HCC-CD13"* cells form spheres and produce the CD90* phenotype.
Sphere formation is a common characteristic of stem cells. To
evaluate CD13 as a candidate CSC marker, the expression of CD13
in spheres derived from HuH7, PLC/PRF/S, and clinical HCC was
studied. The expression of CD13 was increased in both HuH7
(2.0% in control vs. 67.0% in spheres; 33.5-fold increase) and PLC/
PRE/S (15.2% in control vs. 83.8% in spheres; 5.51-fold increase)
(Figure 3A). There was no significant change in CD133 expression
in HuH7. In PLC/PRF/S, expression of CD90 was decreased in the
spheres (35.7% in control vs. 2.5% in spheres; 14.28-fold decrease).
The expression of CD13 compared with that of CD133 and CD90
appeared to be associated with a more immature stem-like and
dormant population. Spheres established from clinical HCC sam-
ples localized in the CD13*CD90-CD133" fraction in a manner
similar to that observed in PLC/PRF/S (Figure 3B).

The time-course changes in the expression of CD13 and CD90 in
PLC/PRF/5 were studied. Isolation and culture of the CD13*CD90"
fraction from the PLC/PRF/S spheres in serum-containing media
resulted in the production of CD13*CD90* fraction after 96 hours
(Figure 3C). The isolated CD13-CD90" fraction elicited cell death
within a few days and could not be maintained. Interestingly, the
isolated CD13-CD90" fraction rapidly produced the CD13"CD90~
fraction within 24 hours (Figure 3C). These findings suggest that
potentially dormant CD13" cells produce proliferating CD90" cells
and that some parts of the proliferating CD90* cells also produce
CD13" cells. It is importanc to determine how this CD13* popula-
tion (slow-growing potentially dormant) could be maintained in a
cancer cell line in vitro. Dormant or slow-growing cell populations
may disappear during continuous subculturing. These findings
may replicate the rapid change from dormant to active status in
cancer stem-like cells, as revealed by their cell-surface markers, or
the dormant cells might mimic a certain multipotent condition in
cellular differentiation.

CD13" cellsresist ch 1y, and CD13 inhibition drives cells to apop-
tosis. The change of cell-surface marker expression before and after
doxorubicin (DXR) hydrochloride treatment or S-fluorouracil
(5-FU) was studied in HuH7 and PLC/PRF/S. In HuH7, CD13
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Figure 3

CD13* cells exist as a core in HCC spheres and

produce CD90+ cells. (A) Spheres established
from HuH7 and PLC/PRF/5 cells were dissoci-
ated to single cells and the marker expressions
were compared with control cells. Scale bars: 200
um. (B) Expression analysis of primary human

HCC cells (control) and spheres established from
original human HCC cells (sphere). Scale bar:
200 um. (C) The time-course expression analy-
ses of 'sorted CD13+CD90- cells (upper panels)
and CD13-CD90+ cells (lower panels) from PLC/
PRF/5. The cut-off lines were determined using
isotype controls.

assay in HuH7. The CD13*CD133* fraction
was highly resistant to DXR compared with the
CD13-CD133* and CD13-CD133" fractions,
indicating consistent changes in the markers
following DXR treatment (Supplemental Fig-
ure 2A). Although the CD13-CD133" fraction
exhibited slow cell growth in the proliferation
and cell fate study (Figure 2, B and C), this frac-
tion showed high chemosensitivity.

Next, the effect of CD13 inhibition on cell
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proliferation in HuH7 was assessed. Cell pro-
liferation was suppressed in a concentration-
dependent manner after 72 hours exposure to
the CD13-neutralizing antibody. At 10 and 20
ng/ml concentrations of the CD13-neutralizing

1010 104 100
CD13

antibody, cell proliferation was suppressed by
approximately 80% at 24 hours and 95% at 72
hours (Figure 4B). The apoptosis assay showed

T that both the CD13-neutralizing antibody and
CD13 inhibitor ubenimex induced apoprosis in
both HuH7 and PLC/PRF/S after 24 hours (Fig-
ure 4C). The CD13 antibody (clone WM15) has
been shown to be specific to humans and to func-
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expression was increased over 20-fold by DXR or 5-FU treat-
ment compared with control (CD13*CD133* population in con-
trol, 2.0%; by DXR treatment, 40.3%; by 5-FU treatment, 44.3%),
although expression of CD133 remained unchanged (87.1% in
control vs. 88.0% after DXR treatment, 88.7% after 5-FU treat-
ment). In PLC/PRF/S, after treatment with DXR, the CD13°CD90~
fraction was also increased and the CD13"CD90* fraction was
shifted to the CD13 positive (the CD13*CD90" fraction of con-
trol was 15.4% and of DXR treatment was 58.2%). After treatment
with 5-FU, the remaining cells were more clearly localized in the
CD13*CD90- fraction (77.8%) (Figure 4A). The chemo-resistance
ability of the CD13" cells was also confirmed by cell proliferation
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110 0t w0 tion as a neutralizing antibody (15). Reportedly,
ubenimex (bestatin) specifically blocks CD13,
which antagonizes the zinc-binding site of the
aminopeptidase N domain (16-19). Ubenimex
is used as a therapeutic agent for adult acute
nonlymphatic leukemia (20).

We then hypothesized that not only the ABC
transporter (21, 22) but also CD13 is involved
in cell protection against exposure to antican-
cer agents. DXR is a well-known ABC-trans-
porter-dependent anticancer drug. We have established a DXR-
resistant HuH7 clone in which 90% of cells survive in 0.5 pg/ml
of DXR, whereas about 99% of parent HuH7 cells die at that con-
centration (Supplemental Figure 2, B and C). Inhibition of CD13
indicated approximately 50% suppression of cell proliferation
in this clone (Figure 4D), and this finding suggests that CD13
inhibition can potentially suppress cells that may have multidrug-
resistance capacities and remain viable after conventional anti-
cancer drug treatments.

CD13 is expressed preferentially in therapy-resistant HCC cells. To
identify the expression of CD13 in clinical HCC, HCC samples
were digested and hematopoietic Lin CD45" fractions were further
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Number9  September 2010



research article

A Control DXR treatment  5-FU treatment B
7 - A% R
ol de £ a0
10 _5 mmm Control I9G (10 pg#ml)
® 60 s CD13 Ab (1 ug/mi)
L S = CD13 Ab (5 ug/mi)
S s CD13 Ab (10 yg/mi)
00 o fob 1010 100 10 g 40 = CD13 Ab (20 ygimi)
3 20
o 15.4% ]
10 0 L
PLC § oh 24h 48h  72h
Q 10 )
o
10° 4 il
l 010 10 0
CD13
c Control D
; = 1001
10° 3 1
HuH7 ot o 5 60 wa Control igG (10 wg/mi)
10 2 a0 s DXR (0.1 yg/m)
g e DXA (0.5 yig/mi)
10 = 0 s DXR (1 ug/mi)
M <3 wem DXR (0.5 ng/mi) + CO13 (1 ug/mi)
10 1 a wame DXR (0.5 pg/mi) + CO13 (5 ugiml)
. 3 201 e DXR (0.5 yg/mi) + CD13 (20 ugimi)
10° o
10 o y v W
PLC oh 24h  48h  72h
10 .
a
o
0100 100 10° AT 10 10 w0 0 10
Annexin V
Figure 4

CD13+ cells resist chemotherapy, and inhibition of CD13 elicits cellular apoptosis. (A) The HuH7 and PLC/PRF/5 cells were treated with
0.1 ug/ml of DXR or 1 pg/ml of 5-FU for 72 hours. The changes in cell-surface markers were compared with controls. The percentages of
CD18+CD1383* in HuH7 and CD13+CD90- populations in PLC/PRF/5 are shown in figure. (B) Effect of CD13 inhibition on cell proliferation. HuH7
cells were treated with various concentrations of anti-human mouse IgGs CD13-neutralizing antibody. As a negative control, 10 ug/ml of anti-
human mouse IgG; antibody was used. (C) Inhibition of CD13 induces cell apoptosis. Cells were treated with 1—20 ug/ml of CD1 3-neutralizing
antibody or 50-500 ug/ml of ubenimex for 24 hours. Data show each case of 5 ug/ml of CD13-neutralizing antibody and 100 pg/ml of ubenimex
treatment. (D) The effect of CD13-neutralizing antibody on DXR-R HuH7. The DXR-R clone was established with continuous treatment in
1 ug/ml of DXR and a selection of viable colonies. In 0.5 ug/ml of DXR, most control HuH7 cells die after 72 hours, whereas over 90% of DXR-R
cells survive. The DXR-R HuH7 cells were cultured with 1-20 pg/ml of CD13-neutralizing antibody for 72 hours. Control, treated with 10 ug/ml

of anti-human mouse IgG; antibody.

analyzed by multicolor flow cytometry. In all 12 clinical HCC
samples, including 3 cases of non-hepatitis-derived HCC (1 case
recurred after transcatheter arterial embolization [TAE]) and 9
cases of hepatitis-derived HCC (4 cases recurred after TAE), no
CD133 expression was observed. In all cases, CD13 and CD90
expression was observed in the following 4 subpopulations:
CD13*CD90*, CD13*CD90", CD13°CD90", and CD13-CD90".
In cases that recurred after TAE, the CD13*CD90" fraction was
more abundant than that in non-TAE cases (48% + 12% in TAE
cases vs. 8% + 4% in non-TAE cases; 6-fold increase), whereas the
CD13-CD90" fraction was more abundant in non-TAE cases
than in TAE cases (40% + 18% in non-TAE cases vs. 12% + 5% in
TAE cases; 3.3-fold increase) (Figure SA). In all 12 clinical HCC
samples, the expression patterns were very similar to that of PLC/
RLEF/S, indicating its usefulness as an HCC model. Of course,
the percentages of cells just indicate the percentage that survived
after mechanical and enzymatic digestion. The majorities of
HCC cells retain the cellular functions of liver cells, accumulate
fat and glycogen, and produce bilirubin. Also, they are relatively
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bigger than other kinds of cancer cells and may be more easily
damaged by mechanical and enzymatic digestion.

The expression of CD13 was confirmed in fresh frozen surgi-
cal specimens. The CD13* HCC cells typically existed along the
fibrous capsule forming cellular clusters after TAE. In non-TAE
cases, the CD13* HCC cells usually formed small cellular clusters
inside the cancer foci (Figure SB). CD13 was expressed on the cell
surface in HCC cases. In normal liver samples, CD13 was expressed
in the sinusoid with a linear staining pattern and in bile ducts with
an intraductal pattern; this was different in the HCC samples. The
immunohistochemical findings for the post-TAE cases support
clinical experience because HCC recurrence after TAE usually
occurs at the fibrous capsule and chemoresistant viable HCC cells
exist mainly around the fibrous capsule.

Interestingly, some small canalicular structures near the bile
ducts expressed CD13 on the cell surface, and these are suggested
to be liver stem/progenitor cells, since it has been reported that
normal liver stem/progenitor cells express CD13 (23). In our stud-
ies, spheres established from the normal liver were predominantly
Volume 120 Number9
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Figure 5

CD13 expression in clinical HCC samples with or without TAE. (A) Expression analysis of clinical HCC samples. The nonhematopoietic Lin/
CD45- fraction was analyzed. The data show 2 typical TAE and non-TAE cases, nonhepatitis virus infection (NBNC; first row), nonhepatitis B
but hepatitis C infection (NBC; second row), both hepatitis B and C infection (BC; third row), and another nonhepatitis B but hepatitis C infec-
tion (fourth row). The cut-off lines were determined using isotype controls. (B) Immunohistochemical analysis of HCC and normal liver samples
stained with anti-human CD13 (red) and DAPI (blue) for the nucleus. Each middle panel shows a high magnification (x40) of the white dotted
square in each left-hand column (x10). The right columns exhibit H&E stains (x10) of each adjacent frozen section. 3 typical samples from 6
HCC samples are represented. The white arrow indicates the fibrous capsule (Fc) in HCC samples, and tumor cells exist inside Fc. The upper
2 samples show HCC after TAE, and the middle samples are from no-TAE cases. In HCC samples, CD13 is expressed on the cell surface. The
lower panels show immunohistochemical stains of normal liver obtained from surgical sections of colon cancer metastasis. Expression of CD13
in hepatic lobules is linear along the sinusoid. In the bile ducts, CD13 is expressed in an intraductal manner (lower left; bile duct, x40). In some
small canalicula present near the bile duct, CD13 is expressed on the cell surface (lower right; Glisson, x40).

CD13*CD90*CD133*, with a multidifferentiation potential in both
hepatocyte and cholangiocyte lineages (Supplemental Figure 3).
To assess whether the area of the fibrous capsule contributed to
the maintenance of semiquiescent CD13* cells, we stained fresh
frozen tissues obtained from HCC parents with a hypoxia marker,
carbonic anhydrase 9 (CA9) (24). In hematopoietic stem cells,
hypoxia is well known as a hypoxic niche that plays important
roles in maintaining stem cells in a dormant phase (25, 26). In the
TAE samples, expression of CA9 was localized along the fibrous

by treatment with a DNA synthesis inhibitor or not. We used 5-FU,
the most common anticancer drug in HCC treatment, to simulate
the clinical setting. After 3 days of intraperitoneal administra-
tion of 5-FU (30 mg/kg), most Ki67* active cells were disrupted
and remained only at small foci, and tumors were replaced by a
majority of CD13*Ki67- cells. In the controls, CD13 expression
was limited to a small fraction with cellular clustering, and most
cells expressing CD13 were Ki67". Conversely, in ubenimex-treated
mice (20 mg/kg, 3 days), most of the CD13* cells were disrupted

capsule and coexpressed CD13. In the non-TAE samples, CA9*
cells formed cellular clusters in cancer foci and coexpressed CD13.
In normal livers, CA9 expression was limited to the cell surface of
bile ducts (Supplemental Figure 4).

CD13 inhibition elicits tumor regression. For preliminary studies,
HuH?7 cells were transplanted into NOD/SCID mice and treated
with 5-FU to determine whether the CD13* fraction was enriched
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and replaced with Ki67* active cells (Figure GA).

PLC/PRF/S was then used for further analyses. The expression of
markers in this cell line is similar to that in clinical HCC, and thus,
the PLC/PRF/S cell line is potentially useful as an HCC model. In
control mice, CD13 expression was limited to a small fraction and
most of the cells expressed CDI0. After treatment with 5-FU (30
mg/kg, S days of injection and 2 days of withdrawal, 2 courses),
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