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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 pm. (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, Band C), this frac-
tion showed high chemosensitivity.

Next, the effect of CD13 inhibition on cell
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
ug/ml concentrations of the CD13-neutralizing
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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 S-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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antibody, cell proliferation was suppressed by
approximately 80% at 24 hours and 95% at 72
hours (Figure 4B). The apoptosis assay showed
that both the CD13-neutralizing antibody and
CD13 inhibitor ubenimex induced apoptosis 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-
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 HuH?7 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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CD13+ cells resist chemotherapy, and inhibition of CD13 elicits cellular apoptosis. (A) The HuH7 and PLC/PRF/5 cells were treated with
0.1 pg/ml of DXR or 1 ug/ml of 5-FU for 72 hours. The changes in cell-surface markers were compared with controls. The percentages of
CD18+CD133* 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 IgG; CD18-neutralizing antibody. As a negative control, 10 ng/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 CD13-neutralizing
antibody or 50-500 pg/ml of ubenimex for 24 hours. Data show each case of 5 ug/ml of CD13-neutralizing antibody and 100 ug/mi 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 ug/mi 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/
RLF/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 Number 9
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CD13 inhibition elicits cancer regression in vivo. (A) HuH7-xenografted mice were treated with 5-FU or ubenimex for 3 days. The sections were
stained with anti-human CD13 (red), Ki-67 (green), and DAPI (blue). Each right-hand panel shows a high magnification (x20, control and 5-FU;
x40, Ube) of the white dot square on the left (x10, control and 5-FU; x20, Ube). White arrows: cellular clusters express CD13 but not Ki-67 (upper
panels), residual Ki-67+ cancer cells (middle panels), and a residual CD13+ cell (lower panels). (B) PLC/PRF/5-xenografted mice were treated with
5-FU, ubenimex, and ubenimex plus 5-FU for 14 days. The black arrows indicate a small amount of residual cancer. The sections were stained with
HB&E (x10), anti-human CD13 (red), anti-human CD90 (green), and DAPI (blue) (x20, control, 5-FU, and Ube; x40, Ube + 5-FU). Nonspecific and
fragmented expression of CD13 (white arrow). In situ hybridization for DNA fragmentation (low and high magnification). Black dot-like structures
indicate labeled DNA. (C) Tumors of control and ubenimex—plus—5-FU-treated mice. Black arrowheads indicate the tumor margin. (D) The relative
tumor volumes (after treatment [mm¢)/before treatment [mm?] x 100%) of the control, 5-FU, ubenimex, and ubenimex—plus-5-FU—treated mice.
Data represent mean + SD from independent experiments. *NS; **P < 0.01. (E) The CD13* cell-enriched fractions obtained from 5-FU-treated
mice were serially transplanted into secondary NOD/SCID mice. The mice were treated with ubenimex (Ube; n = 6) or received no treatment
(control; n = 10) from the day after transplantation for 7 days. Tumor growth was observed for 3 weeks.

most of the CD90" cells were disrupted and tumors were replaced  ment groups may have been newly produced from residual CD90
by a majority of CD13" cells. After ubenimex treatment (20 mg/kg  cells. Costaining of Ki67 and CD13 revealed that CD13" cells were
every day for 14 days), not only were many CD90" cells present but  negative for the expression of Ki67 (Supplemental Figure 5).

CD13" cells were also identified. Interestingly, in cases in which The highly deformed nuclei observed in the ubenimex-plus-
both ubenimex and 5-FU were administered, the majority of tumor ~ 5-FU treatment specimens suggested that DNA fragments were
cells were disrupted. We identified atypical, nonspecific CD13  present. The DNA fragmentation status was thus assessed by in
expression in these cases (Figure GB). Taken together with the find-  situ hybridization with terminal deoxynucleotidyl transferase
ings that CD90" cells produce CD13" cells within 24 hoursand that  (TdT). There were a few DNA fragments in both the control and
almostall of the CD13" cells were disrupted by ubenimex plus S-FU  5-FU-treated specimens, whereas there were many more in the
treatment, the CD13" cells chat appeared in the ubenimex treat-  ubenimex-treated specimens. Especially in the specimens treated
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with ubenimex plus 5-FU, there were numerous DNA fragments
in residual tumor cells (Figure 6B).

After 14 days of treatment, the tumor volume was significantly
decreased in the ubenimex-plus-5-FU groups compared with the
control and 5-FU or ubenimex groups (Figure 6, C and D).

Next, we studied the effects of CD13 inhibition as it pertains to
the self-renewing ability of cells and repopulation of tumors. The
CD13"-enriched fraction obtained from S-FU-treated mice was
serially transplanted into secondary NOD/SCID mice. Starting
the day after transplantation, the mice were treated with ubeni-
mex (20 mg/kg) for 7 days. After 3 weeks, no tumor formation was
observed in the ubenimex-treated mice (n = 0/6), whereas 60% of
the untreated mice grew tumors (n = 6/10) (Figure 6E).

The CD13"* HCC cells contain lower levels of ROS. We focused on
the ROS scavenger pathway to determine why DNA fragmenta-
tion and apoptosis were induced by CD13 inhibition. It has been
reported that self-renewing dormant stem cells normally possess
low levels of intracellular ROS and that deregulation of ROS levels
impairs stem cell functions (27). Intracellular ROS levels were mea-
sured by prooxidants using the 2',7'-dichlorofluorescein diacetate
(DCF-DA) stain. Both in HuH7 and PLC/PRF/S, the CD13" frac-
tion contained lower concentrations of ROS than the CD133stronz
and CDY0" fractions. After stimulation of oxidative stress by H,0,,
a lower concentration of ROS was clearly observed in the CD13*
fraction compared with the CD13- fraction. Following treatment
with the CD13-neutralizing antibody or ubenimex, the ROS con-
centration was significantly increased in CD13* cells and reached
the level of ROS observed in the CD13~ fraction (Figure 7A). In
clinical HCC samples, the results were similar to those in PLC/
PRF/S, as the CD13°CD90" fraction exhibited lower ROS levels
than those in the CD13-CD90* and CD13*CD90" fractions (Fig-
ure 7B). The CD13" fraction also contained another ROS indica-
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tor, MitoSOX (a highly selective marker for mitochondrial super-
oxide), which was markedly lower in the PLC and clinical HCC
samples and less in HuH7 (Supplemental Figure 6).

To study the correlation between CD13 and the ROS scavenger
pathway, the expression of Gelm was assessed by RT-PCR. Gelm
encodes the glutamate-cysteine ligase that catalyses the rate-limit-
ing synthesis step of glutathione (GSH), which works as a critical
cellular reducing agent and anti-oxidant. Gelm was overexpressed
in the CD13'CD90" fraction (P < 0.001) compared with the
CD13'CD90", CD13°CDY0", and CD13-CDY0" fractions in PLC/
PRF/S and primary HCC cells (Figure 7C).

It is well known that cell destruction after exposure to cytotoxic
chemotherapy and ionizing radiation is partially due to free radi-
cals (28, 29). Given that the present study indicates a low ROS
concentration in the CD13" population, we were interested to
see whether chemotherapy agents actually increase ROS level of
CD13" population. To study this, ROS levels of CD13*CD133*
and CD13-CD133* populations in HuH7, and CD13°CD90" and
CD13 CD90* populations in PLC/PRF/S were measured 3 hours
and 48 hours after of DXR or 5-FU treatment. After 3 hours treat-
ment with DXR, ROS levels were increased in both CD13* and
CD13 populations in HuH7 and PLC/PRF/S. Interestingly, after
48-hour treatment with DXR, ROS levels of CD13* populations
were decreased and reached those of control levels. Especially in
PLC/PRF/S, CD13"CD90 populations showed 2 peaks of ROS
levels, one of which contained further lowered ROS levels than
control. With 5-FU treatment, though the power of upregulation
of ROS levels was weaker than those of DXR, ROS levels of CD13*
fractions were actually increased to those of CD13" fractions. As
with the data regarding DXR treatment, after 48 hours of 5-FU
treatment, CD13* populations showed lower levels of ROS com-
pared with those of the CD13" population (Figure 7D). These data
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Figure 8

High levels of ROS scavenger expression parallel DNA damage in CD13* HCC cells. (A) Isolated cell fractions of CD13+*CD90-, CD1 3+CD90*,
CD13-CD90*, and CD13-CD90-in PLC/PRF/5 and CD13+*CD133+, CD13-CD133+, and CD13-CD133- in HUH7 were irradiated with 4 Gy with or
without antioxidant tempol. Data show the tail lengths in the alkaline comet assay of control (blue), 4 Gy irradiation (brown), and antioxidant tem-
pol pretreated (green) cells. *P < 0.01. **NS. (B) HuH7 and PLC/PRF/5 cells were irradiated with 4 Gy, and time course change of gamma-H2AX
expression in each population was assessed. Numbers indicate the percentage of gamma-H2AX in CD13+CD90- PLC/PRF/5 and CD13+CD133+
HuH7 cells (red) and CD13-CD90* PLC/PRF/5 and CD13-CD133* HuH7 cells (blue) with + SD. (C) HuH7 and PLC/PRF/5 cells were irradiated
with 4 Gy, seeded in culture medium, and their expressions analyzed after 24 and 48 hours. Damaged and dead cells were eliminated with

7-AAD. The cut-off lines were determined using isotype controls.

together with the observation that CD13" cells remained after
treatment with chemotherapy agents (Figure 4A), suggest that ROS
levels of all of the cells are temporally upregulated when cells are
treated with chemotherapy agents and that this leads to disruption
of the CD13 population, whereas in the CD13* cells, ROS levels are
downregulated by the ROS scavenger pathway and the cells survive.
Inaddition, proliferative CD13' cells are easily affected by the DNA
synthesis inhibition effect of chemotherapy agents.

To assess radiation-induced DNA damage with ROS, purified
CD13°CD907, CD13*CD90*, CD13°CDY0", and CD13-CD90~
PLC/PRF/5 cells were irradiated and subjected to an alkaline
comet assay. Although untreated cells did not show significantly
different levels of DNA damage, there were fewer DNA strand
breaks in CD13*CD90" cells than in the other 3 fractions (P < 0.01)
after ionizing irradiation. The DNA damage in these 3 fractions
(but not in the CD13°CDY0" fraction) was significantly inhibited
(P <0.001) by treatment with an antioxidant reagent, tempol (Fig-
ure 8A). In HuH?7 cells, the CD13* fraction also exhibited lower lev-
els of DNA damage compared with the CD13 fraction. There was
no significant difference between the irradiated and tempol-treated
groups for the CD13"CD133" fraction (Figure 8A). These findings
reveal that the enhanced ROS defenses in the CD13* fraction con-
tribute to the reduction in DNA damage after genotoxic cancer
therapy. To confirm radiation-induced DNA double-strand break
status in CD13" and CD13" populations, time-course change of
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gamma-H2AX, a marker of double-strand breaks (30), was studied.
In PLC/PRF/S, after 4 Gy of irradiation, gamma-H2AX expression
in CD13 CDY0* population increased after 2 hours of irradiation
(45.4% + 5.3%) and then decreased within 6 hours (15.6% + 4.5%),
whereas gamma-H2AX expression in CD13°CD90" population did
not. In HuH7, gamma-H2AX expression increased after 2 hours in
both CD13°CD133* and CD13 CD133* populations and decreased
rapidly in the CD13'CD133* population (4.4% + 2.8%) compared
with the CD13 CD133"* population (38.4% + 4.6%) (Figure 8B).
After 24 hours of irradiation, the residual cells were localized in the
CD13" fraction in HuH7 and in the CD13'CD90" fraction in PLC/
PRE/S (Figure 8C). Although there were some different manners
in time-course change of gamma-H2AX in PLC/PRE/S and HuH7,
surviving cells after 24 hours of irradiation were localized in the
CD13" population, suggesting the radio-resistant characteristics
of the CD13* population, due to rapid recovery of DNA damage.
After 48 hours of irradiation, the residual cells began to prolifer-
ate and produced CD13°CD133* cells in HuH7 and CD13*CD90*
cells in PLC/PRF/S (Figure 8C). These studies support the time-
course studies (Figure 3C) and indicate that CD13* cells exist as a
core fraction in the cellular hierarchy.

Discussion
To achieve the goal of a radical cure for cancer, recurrence and
metastasis caused by residual cancer cells are barriers that need to
Volume 120 Number 9
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be overcome. Recently, the presence of CSCs has attracted atten-
tion, and it is thought that these CSCs are intimately involved in
cancer recurrence and resistance. In addition, as with leukemia
(4, 5), the presence of dormant or slow-growing CSCs is beginning
to be recognized in breast cancer (6). However, dormant or slow-
growing CSCs have yet to be identified in most solid cancers. In
the present study, we identified CD13 as a functional marker that
can be used to identify potentially dormant liver CSCs resistant to
treatment. Our exploration of SP cells has indicated that CD13*
cancer cells are closely associated with SP cells. Cell-cycle studies
indicated that CD13" cells exist in lower PY lesions. Cell-fate trac-
ing assay with PKH26GL and immunohistochemical analysis of
BrdU-retaining cells demonstrated that CD13* but not CD13~
cells exhibited long dye retention and relatively slow proliferation
in vitro and in vivo. This population possessed high tumorigenic
potential in NOD/SCID mice and also induced chemo resistance.
The resules of this study are compatible with those of dormancy
studies on hemaropoietic stem/progenitor (3) and malignant cells
(4, 5). CD13, also known as amino peptidase N, is a super fam-
ily of zinc-binding metalloproteinases that play roles in cellular
processes such as mitosis, invasion, cell adhesion, angiogenesis,
radiation resistance, and antiapoptosis (31-34). To the best of our
knowledge, there have been no reports describing the exclusive
expression of CD13 in CSCs of the liver.

The immunohistochemical findings also support the view that
CD13" cells play a role in relapse of liver cancer. The apparent
increase in the number of CD13 cells near the fibrous capsule
after TAE is consistent wich the fact that clinical HCC relapse after
TAE is frequent at the capsule site (7). These findings are compat-
ible with the results of studies in mouse models that revealed that
CD13" cells survived and were amplified after S-FU treatment. In
addition, the preferential accumulation of CD13* HCC cells at the
capsule but not in the central region after TAE therapy suggests
the attractive hypothesis that cellular components in the fibrous
capsule may function as a protective niche (3).

The suppression of CD13 by the CD13-neutralizing antibody
or ubenimex showed an effect even if the cancer cells were resis-
tant to the ABC transporter-dependent agent DXR. This finding
suggests that CD13" cells have some mechanism of resistance to
anticancer agents in addition to their slow growth and ABC trans-
porter (21,35, 36) expressions. It is known that the control of ROS
is indispensable for hematopoietic stem cell maintenance. Oxida-
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Figure 9

The CD13+ CSCs of the liver generate genotoxic resis-
tance through reduced levels of ROS (proposed schema).
(A) Results indicate that CD13+CD90- CSCs of the liver
are dormant and exhibit reduced intracellular ROS lev-
els and, because of increased antioxidants, may result in
resistance to genotoxic chemo/radiation therapy. On the
other hand, CD13-CD90+ CSCs actively proliferate and
are sensitive to therapy. (B) Neutralization or inhibition
of CD13 may result in an increase in intracellular ROS in
CD13+CD90- CSCs and induction of apoptosis.

Mature

tive stresses inhibit cellular dormancy and self renewal of hemato-
poietic stem cells (37, 38). In cancer, low ROS levels and radiation
resistance in CD44'CD24" breast CSCs has been reported (39).
However, an association between ROS and self renewal in CSCs
is unknown. In the present study, we demonstrated that CD13"
cells contain low levels of ROS. The CD13-CD133* and CD90*
cells expressed higher levels of the ROS indicators DCF-DA and
MitoSOX. RT-PCR of the ROS scavenger pathway gene GCLM and
a comet assay also indicated that CD13" cells protect themselves
from oxidant stress via the ROS pathway. Continuous treatment
with anticancer agents predominantly elicits high levels of ROS in
the CD13 population. However, in the CD13* population, it elic-
its low levels of ROS, and these cells survive and are enriched for
after chemotherapy. Mice treated with ubenimex exhibited high
DNA fragmentation in xenografted tumors. These findings sug-
gest that the ROS scavenger pathway and CD13 are essential to
CSC protection and maintenance in the liver (Figure 9, A and B).
Importantly, cumorigenicity was completely inhibited by treat-
ment with ubenimex in secondary mice xenografted with a CD13*
cell-enriched tumor fraction obtained from S-FU-treated mice.
The suppression of CD13 inhibited self renewal and the tumor-
initiation ability of CD13" cells. It is thought that deregulation of
ROS pathway may contribute to disruption of CSCs.

The hierarchy analysis of PLC/PRF/S cells revealed that a small
fraction of CD90" cells produce a small number of CD13* cells
in vitro. This finding indicates that activated CD90" cells should
also be involved in targeted cancer therapy. The CD90" cells were
resistant and remained in spite of treatment with ubenimex in
vivo. The residual CD90 cells cause cancer regrowth and cancer
recurrence by producing tumor-initiating CD13* cells. CD13*
cells have high tumorigenicity and self-renewal ability in vivo. But
unfortunately, in the case of liver cancer, it is difficult to rarget
the proliferative CD90" cells by using conventional anticancer
drugs because some parts of CD90" cells also express CD13, The
expression of CD13 is closely related to the multidrug-resistant
SP fraction, and CD13 protects cells from apoptosis via the ROS
scavenger pathway. Of course, based on CSC concepts, tumors will
disappear when CSCs are disrupted completely. This is because the
loss of CSCs leads to the destruction of the hierarchical structure
within the tumor. However, it may be difficult to obtain complete
pharmacokinetic control, especially in vivo. Actually, in this study,
we could not achieve complete disappearance of CD13" cells and
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could not elicit tumor regression by single agent administration of
ubenimex. To overcome these problems, we established combina-
tion therapy with ubenimex plus $-FU to efficiently elicit tumor
regression. Ubenimex works to disrupt CD13" cells by its potential
effect of upregulating ROS levels and its inhibition of self-renewal
of CD13" cells. 5-FU inhibits proliferative cancer cells, decreases
tumor size, and improves survival. It is known that cell destruc-
tion after exposure to cytotoxic chemotherapy and ionizing radia-
tion is partially due to free radicals (29, 39), and it is reported that
S5-FU induces ROS in hematopoietic stem cells and suppresses the
hematopoietic stem cell niche (40). We have also confirmed that
5-FU works to increase the ROS levels of CD13' populations. By
this combination therapy, tumors were drastically regressed com-
pared with single-agent therapy. It is suggest that 5-FU and ubeni-
mex work in a complementary or additive fashion.

Although the majority of the experimencs in this study are based
on cell lines, the expression, sphere, and ROS analyses support the
contention that PLC/PRF/S cells reflect clinical HCC and may
hold promise for preclinical studies. This study also suggests that
the future development of liver cancer therapy based on CSC con-
cepts appears promising. We are attempting to establish human
HCC-xenografted preclinical mouse models from clinical HCC
samples to provide necessary confirmation of our contention
using in vivo assays.

Methods

Cell culture. Human liver cancer cells, HuH7 and PLC/PRF/5, obtained from
the Cell Resource Center for Biomedical Research, Institure of Develop-
ment, Aging, and Cancer (Tohoku University, Sendai, Japan) were cultured
in RPMI 1640 (Invitrogen) medium with 10% FBS (Equitech-Bio). Cells
were cultured at 37°C in a humidified atmosphere containing 5% CO,.

Flow cytometric analysis and cell sorting. The antibodies used in this study
arelisted in Supplemental Table 1. Briefly, cells were harvested with trypsin
and EDTA. Doublet cells were eliminated using FSC-A/FSC-H and SSC-A/
SSC-H. Dead and damaged cells were eliminated with 7-AAD (BD Biosci-
ences — Pharmingen). [sotype controls (BD Biosciences) were used. FcR
blocking was performed using an FcR-blocking reagent (Miltenyi-Biotec).
FITC-conjugated anti-human CD45 (BD Biosciences — Pharmingen) and
FITC-conjugated Lineage Cockrail (Lin1; BD Biosciences — Pharmingen),
which contains antibodies against CD3, CD14, CD16, CD19, CD20, and
CDS6 and is used to detect lymphocytes, monocytes, eosinophils, and
neutrophils, were used for eliminating hematopoietic cells in the clinical
sample analysis. For sorting, cells were incubated with 1 pg of each anti-
body for 30 minutes. Control experiments involved incubation with each
antibody for 30 minutes and no apparent increase in the number of dead
cells detected by propidium iodide (PI) staining.

Cell-cycle assay. To characterize the SP fractions, 1 x 10 cells in 2% FCS/
1 mM HEPES buffer/DMEM were preincubated at 37°C for 30 minutes.
Cells were then labeled with 10 pg/ml Hoechst 33342 (Molecular Probes)
in staining medium at 37°C for 70 minutes. A total of 15 pg/ml reserpine
(Sigma-Aldrich) was used for the Hoechst staining procedure. For cell-
cycle analysis by PY staining, cells were first stained with Hoechst 33342 at
37°C. After 50 minutes, 1 ug/ml PY was added and the cells were incubated
at 37°C for 20 minutes. FACSVantage SE DiVa (BD) and FACS SORP Aria
(BD) were used for analysis and cell sorting. The cell cycle was also studied
with 10 ug/ml 7-AAD (BD Biosciences — Pharmingen).

Gene expression study. Total RNA was prepared using TRIzoL reagent
(Invitrogen). Reverse transcription was performed with SuperScripelll
(Invitrogen). Quantitarive real-time RT-PCR was performed using a Light-
Cycler TagMan Master kit (Roche Diagnostics). The expression of mRNA
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copies was normalized against GAPDH mRNA expression. The PCR primers
used for amplification were as follows: GCLM, 5" TGTGTGATGCCACCA-
GATTT-3'and § TTCACAATGACCGAATACCG-3'; GAPDH, 5 TTGGTATC-
GTGGAAGGACTCA-3' and 5“TGTCATCATATTTG-GCAGGTTT-3".

Cell proliferation and chemo-resistance assay. Isolated cells were seeded into
96-well culture plates at 5 x 103 cells/well for cell proliferation assays.
After 72 hours, cell viability was determined by an ATP bioluminescence
assay (CellTiter-Glo Luminescent Cell Viability Assay; Promega) and the
luminescence signal was detected using a luminometer (ARVO MX; Perkin-
Elmer) according to the manufacturer’s protocol. The cells were seeded
onto 96-well culture plates at 5 x 10° cells/well. After 24 hours, DXR was
added to the culture medium (0.01, 0.05, and 0.1 ug/ml). After 72 hours
of exposure to the chemotherapeutic agent, cell viability was derermined
using a method similar to that used in the cell proliferation assay.

Cellfate tracing. Cells were labeled with 20 uM PKH26GL (Sigma-Aldrich)
according to the manufacturer’s protocol. Purified populations of cells were
isolated and seeded onto 4-chamber polystyrene vessel tissue culture-treated
glass slides (Falcon; BD Biosciences) at 5 x 103 cells/well. Cells were culrured
in RPMI 1640 (Invitrogen) medium with 20% FBS (Equitech-Bio). Cell fate
was studied ar each 30-minute time point for 238 hours using a time-lapse
fluorescence microscope (BZ-9000 Biorevo; KEYENCE). Data were analyzed
using a BZ-Il analyzer (KEYENCE). BrdU-retaining cells were idenified with
fresh frozen samples with the modification of using S-bromo-2'-deoxyuri-
dine Labeling & Detection Kit 1 (Roche Applied Science) and CD13 rabbit
polyclonal antibody (Santa Cruz Biotechnology Inc.). As secondary antibody,
anti-rabbit IgG Alexa Fluor 555 (Molecular Probes) was used.

Sphere assay. Cells were seeded on ultra-low attachment culture dishes
(Corning) in serum-free medium. DMEM/F-12 serum-free medium
(Invitrogen) contained 2 mM L-glutamine, 1% sodium pyruvate (Invitrogen),
1% MEM nonessential amino acids (Invitrogen), 1% insulin-transferrin-sele-
nium-X supplement (Invitrogen), 1 uM dexamethasone (Wako), 200 uM
L-ascorbic acid 2-phosphate (Sigma-Aldrich), 10 mM nicotinamide (Wako),
100 pg/ml penicillin G, and 100 U/ml streptomycin supplemented with
20 ng/ml epithelial growth factor and 10 ng/ml fibroblast growth factor-2
(PeproTech). Digestion and cell passage were performed every 3 days.

Differentiation assays from spheres. Each single sphere established from
normal liver cells was seeded into a culture chamber (BD Biosciences).
Spheres were cultured in sphere medium containing 10% FBS to induce
the differentiation process. Three days after the spheres became atrached
to the bottom of the chamber and spreading cells appeared, cells were fixed
and stained with anti-human CD13 mouse monoclonal antibody (clone
WMLIS, dilution 1:50; Santa Cruz Biotechnology Inc.), FITC-anti-human
albumin goat polyclonal antibody (dilution 1:500; Bethyl Laboratories),
anti-human Cytokeratin 19 mouse monoclonal antibody (clone RCK108,
dilution 1:50; Dako), and anti-human a-fetoprotein mouse monoclonal
antibody (clone 189502, concentration 5 ug/ml; R&D Systems).

Immunohistochemistry. The 4-wm-thick sections were obtained using
cryostat and fixed with 4% paraformaldehyde for 15 minutes, After I hour
of blocking, the sections were incubated overnight at 4°C in a humidified
chamber with primary antibodies. For primary antibodies, anti-human
CD13 mouse monoclonal antibodies (clone WM1S, dilution 1:50; Santa
Cruz Biotechnology Inc.), anti-human CA9 rabbit polyclonal antibodies
(dilution 1:1000; Novus Biologicals), anti-human CD90 rabbit monoclo-
nal antibodies (dilution 1:1000; Epitomics), and anti-human Ki-67 rabbit
polyclonal antibodies (dilution 1:100; Santa Cruz Biotechnology Inc.) were
used. For secondary antibodies, goat anti-mouse IgGi, Alexa Fluor 546~
conjugated, and highly cross-adsorbed (Molecular Probes) as well as goat
anti-rabbit IgG, Alexa Fluor 488-conjugated and highly cross-adsorbed
(Molecular Probes) antibodies were used. The coverslips were mounted
using ProLong Gold and SlowFade Gold Antifade Reagent (Molecular
Volume 120 Number9
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Probes), and the slides were viewed with a fluorescence microscope (BZ-
9000 Biorevo). Data were analyzed using BZ-II (Keyence). The continuous
cryostat sections were also stained with modified H&E.

Tumor cell preparation. Primary liver cancer samples were obtained from
Osaka University with the patients’ informed consent and the approval of
the Research Ethics Board of Osaka University. Tumor tissues were cut into
approximately 2-mm fragments, further minced with a sterile scalpel, and
washed twice with DMEM/10% FBS. They were then placed in DMEM/10%
FBS with 2 mg/mi collagenase A (Roche Diagnostics) solution. The mix-
ture was incubarted at 37°C with shaking until digestion was complete.
Cells were filtered through a 40-um nylon mesh and washed twice and the
cell fragments and debris were then eliminated by Ficoll (GE Healthcare)
density gradient centrifugation and stained for flow cytometry.

Inbibition of CD13. A total of S x 10° cells were seeded into 96-well plates
in 200 l of culture medium. After 24 hours, the medium was replaced with
fresh culture medium containing 1, 5, 10, and 20 pg/ml mouse monoclo-
nal anti-human CD13 antibodies (clone WM15; GeneTex) or 25, S0, 100,
250, and 500 pg/ml ubenimex (Nippon Kayaku). Cell viability was assayed
at 24, 48, and 72 hours using Cell Counting Kit-8 (Dojindo) according
to the manufacturer’s instructions. Absorbance was measured at 450 nm
using a 680 XR microplate reader (Bio-Rad). A toral of 10 ng IgG, mouse
monoclonal antibody (GeneTex) was used as the negative control. DXR-
resistant (DXR-R) HuH7 cells were established by continuous trearment
with 1 ug/ml DXR and selection of resistant colonies. Cellular apopto-
sis was measured using PI and APC-annexin V (BD Pharmingen) with an
Apoprosis Detection Kit (BioVision).

In vivo assay. The xenografted mouse model was created by injection of
1 x 105 HuH7 and PLC/PRF/S cells into NOD/SCID mice under anesthe-
sia. For injection, the cells were resuspended in a 1:1 mixture of medium
and Matrigel (BD Biosciences). The HuH7 cell-xenografted mice were
treated with 5-FU (30 mg/kg; intraperitoneal administration) or ubeni-
mex (20 mg/kg; oral administration) for 3 days. On the following day, mice
were sacrificed and tumors were enucleated for the immunohistochemical
assay. In the studies of PLC/PRE/S cell-xenografted mice, mice were treat-
ed with 5-FU (30 mg/kg, 5 days of intraperitoneal injection and 2 days of
withdrawal, 2 courses; 14 days), ubenimex (20 mg/kg, 14 days of forced
oral administration), or ubenimex and 5-FU (combination of 2 courses of
30 mg/kg of 5-FU and 14 days of 20 mg/kg of ubenimex). The tumor size
was calculated as follows: tumor volume (mm?) = a x b/2, where a = long
axis and b = short axis. The relative tumor volume was calculated as fol-
lows: relative tumor volume (%) = 2/b x 100, where 2 = tumor volume before
treatment (mm?) and b = tumor volume after 14 days of treatment. The day
after 14 days of treatment, mice were sacrificed and tumors were enucle-
ated for immunohistochemical assay. The relative tumor volume was esti-
mated as follows: relative tumor volume (mm?) = tumor volume on the
day after 14 days of treatment (mm*)/tumor volume just before the start
of treatment (mm?) x 100 (%). The residual tumors after 14 days of 5-FU
treatment were enucleated and minced into 2-mm squares and subcutane-
ously transplanted into secondary NOD/SCID mice with Matrigel. The

mice were treated with ubenimex (20 mg/kg) from the day after transplan-
tation for 7 days. Tumor growth was observed for 3 weeks. We used 4 or
more mice for each model to enable staristical assessment of the results.
All animal studies were approved by the Animal Experiments Committee
at Osaka University.

ROS assay. To study intracellular ROS levels, cells were loaded wich 10 uM
of DCF-DA at 37°C for 30 minutes. ROS was activated by treatment with
100 uM Hz0; ac 37°C for 120 minutes. To study the effect of CD13 inhibi-
tion on ROS levels, cells were pfetreazed with 5 ug/ml of the CD13-neutral-
izing antibody or 25 ug/ml of ubenimex at 37°C for 4 hours and stained
with DCF-DA. For mitochondria ROS detection, cells were loaded with
5 uM MitoSOX (Molecular Probes) at 37°C for 20 minutes.

DNA fragmentation assay. For the alkaline comet assay, 5,000 isolared cells
were irradiated (4 Gy) on ice and suspended in 0.6% of low melting point
agarose, spread over the wells of slides, and immersed in alkaline solution
for 30 minutes using a ki (Trevigen). Alkaline electrophoresis was then
performed. Slides were stained with silver for visualization. For the tem-
pol experiments, cells were treated with 10 mM of tempol (Sigma-Aldrich)
for 15 minutes before irradiation. For in situ hybridization detection of
fragmented DNA, 10-um-thick serial sections obrained from fresh frozen
samples were hybridized with TdT using tumor TACS in situ apoptosis
detection kit (Trevigen) according to the manufacturer’s protocols.

To identify DNA double-strand breaks, Alexa Fluor 488 Mouse Anti-
H2AX (BD Pharmingen) was used according to the manufacturer’s proto-
cols. Briefly, cells were irradiated at 4 Gy. Cells were incubated in culture
medium at 37°C in a humidified atmosphere containing 5% CO; after
irradiation for 0, 2, 4, and 6 hours. After incubation, cells were stained
with cell-surface antibodies. Then cells were fixed and permeabilized using
Cyrofix/Cytoperm Fixation/Permeabilization Solution Kit (BD), and
stained with Alexa Fluor 488 Mouse Anti-H2AX.

Statistics. We determined statistical significance by 1-tailed Student’s
trest. P < 0.05 was defined as significant.
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C i by Takashi

Although cancer is a disease with genetic and epigenetic origins, the
possible effects of ing by defined fac into be fully
understood. We studied the effects of the induction or inhibition of
cancer-related genes and immature status-related genes whose alter-
ations have been reported in g i inal cancer cells. iral

mediated introduction of induced pluripotent stem (iPS) cell genes was
necessary for inducing the expression of immature status-related
proteins, including Nanog, Ssead, Tra-1-60, and Tra-1-80 in esophageal,
stomach, colorectal, liver, pancreatic, and cholangiocellular cancer cells.

Induced cells, but not p I cells, d the p to express
hological fectoderm, i dendoderm, which
was supported by ic studies, indicati hy of DNA

strands and the histone H3 protein at lysine 4 in promoter regions of
pluripotency-associated genes such as NANOG. In in vitro analysis in-
duced cells showed slow proliferation and were sensitized to differ-
entiation-inducing treatment, and in vivo tumorigenesis was reduced
in NOD/SCID mice. This study di d that plurip y was
manifested in induced cells, and that the induced pluripotent cancer
(iPC) cells were distinct from natural cancer cells with regard to their

itivity to diff i diated

National Cancer Center, Tokyo, Japan, November 4, 2009 (received for review August 11, 2009)

suppressor genes. The repression of tumor-suppressor genes ex-
tends the lifespan of embryonic stem (ES) cells or increases the
induction efficiency of iPS cells and maintains their immortalized
state (10-12). The results indicated that introduction of tran-
scription factor genes into gastrointestinal cancer cells resulted in
reprogramming of cells to a pluripotent state and sensitized them
to differentiation induction. Such reprogrammed cells were dis-
tinct from parental cells. It is hoped that the generation of induced
pluripotent cancer (iPC) cells will eventually accomplish some
goals in this field. One such goal is the inspection of previously
uncharacterized cancer treatments using differentiation therapy
via the induction of drug susceptibility in cancer cells. Re-
programming of cancer cells supports the notion that transduction
might cause differentiation of cells to unique cell lineages. An-
other goal is the exploitation of drug discoveries with the aim of
producing therapeutic and diagnostic reagents and using them in
their clinical applications.

Results

introduction of iPC cells confers higher sensitivity to chemotherapeutic
agents and diff iation-induci

cancer stem cells | epigenetics | pluripotent stem cells | embryonic stem
cells | differentiation

Cancer is thought to be a genetic and epigenetic disease with
uncontrolled proliferative potential. Although the idea was
proposed decades ago, the concept that some cancer cells arise from
small populations, termed cancer stem cells (CSCs), with both self-
renewal potential and multipotential properties sufficient to form
tumors, has emerged recently (1, 2). This small population of CSCs
possesses persistent self-renewal potential that can be detected by
various in vitro assessments and in vivo animal experiments (2).
Therefore, it has been proposed that malignant tumors are derived
from CSCs with uncontrolled proliferative potential and dysregu-
lation of their mechanisms of differentiation (2).

The origins of CSCs remain incompletely understood (1-3).
One view is that CSCs are formed as a result of alterations
arising in cells that have already differentiated (1); alternatively,
another notion holds that their generation is a result of tu-
morigenesis that has occurred in immature tissue stem cells or
progenitor cells (2); however, in both theories, epigenetic or-
ganization participates in tumorigenic regulation (1, 2).

With the investigation and development of ES cells from
zygote to blastodermic vesicle stages, the elucidation of the
molecular mechanisms that specify pluripotent differentiation
has made remarkable progress (4, 5). Regarding the regulation
of molecular mechanisms managing this pluripotency, it is ob-
vious that several types of transcription factors specifically dis-
covered in multipotential stem cells display mutual cooperation
as a result of epigenetic controls (6-9).

In this study, we analyzed the effects of transcription factor
genes that were previously reported in induced pluripotent stem
(iPS) cells (6, 7), as well as cancer-related oncogenes and tumor

40-45 | PNAS | January 5,2010 | vol. 107 | no. 1

of Genes Status in Gastroi i

Cancer Cell Lines. We performed quantitative real-time reverse
transcription PCR (RT-PCR) analysis on 20 gastrointestinal
cancer cell lines by using immature status-related gene primers for
NANOG, OCT3/4, SOX2, KLF4, and LIN28 (Fig. S14). From the
results of RT-PCR analysis, we selected cancer cell lines such as
DLD-1, HCT116, MIAPaCa-2, and PLC, which exhibited rela-
tively low NANOG mRNA expression. In these cells, immature
status seems to be effectively exhibited and represented as high
NANOG expression (6-9). Especially in the colorectal cancer cell
line DLD-1, all five selected genes showed relatively low ex-
pression compared to the other gastrointestinal cancer cell lines.
We then studied the induction of simultaneous combinations of
several factors, which include OCT3/4, SOX2, KLF4, and c-MYC,
as well as oncogenes (BCL2 and KRAS) and tumor suppressor
genes shRNA (TP53, P16(INK4A), PTEN, FHIT, RBI) (Fig.S1B
and C). These factors were transfected into four cancer cell lines
with ecotropic retrovirus produced in PLAT-E packaging cells.
Four transcription factors OCT3/4, SOX2, KLF4, and c-MYC sig-
nificantly induced up-regulation of NANOG mRNA.

Induction of ES-Like State Cancer Cells with Lentiviral and Retroviral
Transduction. Induction of human cancer cell lines using lentivi-
ruses and retroviruses requires high transduction efficiencies. We
optimized the transduction methods for cancer cell lines (Fig. 14).
The four transcription factors, OCT3/4, SOX2, KLF4, and ¢-MYC,
were transfected into cancer cell lines with ecotropic retrovirus
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transfection of NANOG promoter-GFP clone. GFP expression of
transfectants was visualized by fluorescence microscopy (Fig. S2).
From 1 x 10* cancer cells, we observed ~10 GFP-expressing sphere
formations. These cells in the present study were similar to iPS cells
both in morphology, ES-like gene expression and epigenetic mod-
ifications as described in refs. 6-9, 13, and 14. Thus, we referred to
these cells formed after transduction as iPC cells.

iPC Cells Express ES Cell Markers. Real-time RT-PCR using primers
specific for retroviral transcripts confirmed efficient silencing of four
retroviruses expressing OCT3/4, SOX2, KLF4, and ¢-MYC in iPC
cells (Fig. 24). RT-PCR showed that human iPC cells expressed

Fig. 1. Induction of human cancer cells with retroviral transduction. (4) We
optimized the time course of the induction from human cancer cells; the
schedule is summarized. (B-£) DLD-1 morphology was exhibited. Twenty
days later, we observed distinct types of colonies with round shapes (C and
D) that were different from the wild type (B). (E) Mock was transfected with
PMXs Retroviral Vector as a negative control . (F-K) Parental and iPC cells of
gastrointestinal cancer cell lines from HCT116 (F and G), MIAPaCa-2 (H and /),
and PLC (J and K). (L and M) The ref i hologies are exhibited
HDF. Scale bar: 200 pm. (Original magnification, x200)

produced in PLAT-E packaging cells. Eight days after trans-
duction, the cells were harvested by trypsinization and plated onto
Matrigel-coated plates. The next day, the Dulbecco’s modified
Eagle medium (DMEM) containing 10% FBS was replaced with
the medium suitable for the culture of ES cells. Twenty-one days
later, some colonies appeared that were morphologically different
from the parental cancer cells (Fig. 1 B and C). Four weeks after
transduction, we observed distinct types of colonies that were
different from mock cells, transfected with pMXs retroviral vector
as negative control (Fig. 1.D and E).

‘We examined the transfection and induction efficiencies by using
combinations of OCT3/4, SOX2, KLF4, and c-MYC, and compared
the results, with four cancer cell lines and human dermal fibroblasts
(HDF) serving as controls (Fig. 1 F-M). In isolated colonies, we
assessed NANOG promoter activity, which has been reported to be
important in the acquisition of immature status (6-9), by co-

undiffi dEScell ker genes, includingNANOG, OCT3/4,
SOX2, KLF4, and c-MYC, although NANOG was not introduced
exogenously (Fig. 2B). iPC cells expressed ES cell-specific surface
antigens (15) including Ssea-4, tumor-related antigen (Tra)-1-60,
Tra-1-81, and Tra-2-49 (Fig. 2 C-G) compared to the negative
control (Fig. 2H).

In Vitro Differentiation of iPC Cells. To determine the differentiation
ability of iPC cells, we used floating cultivation as embryoid
bodies (EBs). Because iPC cells formed ball-shaped structures in
suspension culture, we transferred these EB-like structures to
EB culture conditions (EBC). These conditions were gelatin-
coated plates maintained in DMEM/F12 containing 20% knock-
out-certified serum replacement. Culture was continued for an-
other 7 days (Fig. 34). Attached cells, named PostiPC cells, began
to proliferate after 48 h. PostiPC cells were analyzed by the ex-
periments described below and were compared to parental and
iPC cells.

To determine the differentiation ability of iPC cells in vitro, we
introduced iPC cells according to the methods of iPS (7). PostiPC
cells showed various types of morphology, resembling those of epi-
thelial cells, mesenchymal cells, and neuronal cells (Fig. 3 B-E).
Immunocytochemistry detected cells that were positive for keratin
19 (Krt19) representing endoderm, vimentin (Vim) representing
mesoderm and parietal endoderm, bIII-tubulin (Tubb3) represent-
ing ectoderm, and glial fibrillary acidic protein (Gfap) representing
ectoderm (Fig. 3 F-I). RT-PCR confirmed, in addition to VIM,
the expression of FABP4 representing mesoderm, microtubule-
associated protein 2 (MAP2) representing ectoderm, and paired box
6 (PAX6) representing ectoderm in PostiPC cells (Fig. 37). The ex-
pression of CDHI representing endoderm and KRT19 decreased in
PostiPC cells. In particular, the gene expression of mesoderm and
endoderm was increased in PostiPC cells, which was low or difficult
to detect in the parental cells.

‘We then examined whether lineage-directed differentiation of
iPC cells could be induced by methods reported for mesen-
chymal stem cells. We seeded iPC cells with supplements

A
12
1 = 0CT3/4
SOX2
= KLF4
»-MYC
0
d5

Fig. 2. iPC cells induced from DLD-1 expressing ES cell markers.
(A) Real-time RT-PCR using primers specific for retroviral tran-
scripts confirmed efficient silencing of four retroviruses express-
ing OCT3/4, SOX2, KLF4, and c-MYC. The mean value of d5 was set
to 1in each transcript. (B) iPC cells expressed undifferentiated ES
cell-marker genes, including NANOG, OCT3/4, SOX2, KLF4, and c-
MYC. The mean value of d30 was set to 1 in each transcript. (C-G)
iPC cells were analyzed for several surface antigens, phase con-
trast (C), Ssea-4 (D), Tra-1-60 (), Tra-1-81 (F), Tra-2-49 (G) and
negative control (H). P, parental cells; NC, negative control. Scale

d30
B F  Tra-1-81
14 = NANOG
" 0oCT3/4
= S0x2
®KLF4
" e-MYC
0
P d30
Miyoshi et al.

bar: 200 um. (Original magnification, x200)
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Fig. 3. Embryoid body (EB)-like formation mediated
differentiation of iPC cells induced from DLD-1. (A)
Schedule of induction from iPC cells to PostiPC cells.
(B-E) After forming EB-like structures, iPC cells were
transferred to primary culture conditions. Seven days
later, attached (PostiPC) cells showed various morphol-
ogies, resembling those of epithelial cells (B), mesen-
chymal cells (C), neuronal cells (D), and mixed (E). (F-/)
Immunocytochemistry confirmed the expression of
Krt19 (F), Vim (G), Gfap (H), and Tubb3 (/) in these cells.
() Real-time RT-PCR analysis verified the expression of
differentiation markers, such as KRT19, CDH1, VIM,
FABP4, MAP2, and PAX6. The expression of mRNA
copies was normalized against GAPDH mRNA ex-
pression. (K and L) Directed differentiation of iPC cells
into adipocytes showed differentiated iPC cells (K)
that were positive for Fabp4 (L). P, parental cells; P-iC,
PostiPC cells.

Fabp4

inducing adipocytes and maintained them under differentiation
conditions for 2 weeks. The cells proliferated and immunocy-
tochemistry detected cells positive for Fabp4 (Fig. 3 Kand L). In
contrast, immunocytochemistry on parental cells in the corre-
sponding culture detected cells that were negative for Fabp4.
These data demonstrated the possibility that iPC cells, compared
to parental cells, could differentiate into three germ layers in
vitro and indicated that cells acquired different properties.

Epigenetic Modification of Immature Status-Related Genes. Bisulfite
genomic sequencing analyses were used to evaluate the methylation
statuses of cytosine guanine dinucleotides (CpG) in the promoter
regions of pluripotent-associated genes such as NANOG. The re-
sults revealed that the CpG dinucleotides of NANOG promoter
were less methylated in transfected HDF (T-HDF) cells and two
iPC clones, whereas the nucleotides were methylated in HDF, pa-
rental cancer cells, and PostiPC cells (Fig. 44). Chromatin im-
munoprecipitation with trimethyl-histone H3 protein at lysine 4
(H3K4) antibody was used to analyze histone modification (Fig.
4B). The histone modification analyses for NANOG gene promoter
showed that H3K4 was trimethylated in iPC, PostiPC, and T-HDF
(14), whereas that of parental cancer cells and HDF was not de-
tected. Similarly, the H3K4 trimethylation of OCT3/4 gene pro-
moter increased in iPC, PostiPC, and T-HDF, compared to parental
cancer cells and HDF, respectively. The trimethylation of SOX2
gene promoter was detected before and after the reprogramming of
cancer cells, whereas the trimethylation of T-HDF, but not HDF,
was detected. The trimethylation of PAX6 and MSX2 gene pro-
moter was not detected. These findings demonstrated activation of
the promoter regions of immature status-related genes in iPC cells.

Gene Expression and iPC and PostiPC Surface Markers. PostiPC cells,
but not iPC cells, showed increased expression of several dif-
ferentiation markers such as FABP4, MAP2, and PAX6 (Fig. 37),
and markedly decreased expression of NANOG, REX1, OCT3/4,
SOX2, KLF4, and c-MYC, which corresponded to those of pa-

42 | www.pnas.org/cgi/doi/10.1073/pnas.0912407107

rental cells (Fig. 54). The expression of P16(INK4A) in PostiPC
cells increased more than that in parental cells.

In colorectal cancer, the surface markers for CD24 and CD44
have been reported as CSC markers (16, 17). Flow cytometry
showed that CD44 expression was markedly reduced in iPC cells
and was increased in PostiPC cells. The CD44 expression level
was relatively low in PostiPC cells compared with that of parental
cells (Fig. 5B). CD 24 expression level was not changed appa-
rently. The results showed the transition of the population from
parental cells to PostiPC, suggesting an alteration of biological
characteristics, such as sensitivity to chemicals.

itivity of Anti Drug and Diff iati ducing Chemi

The methyl thiazolyl tetrazolium (MTT) assay showed that Pos-
tiPC cells acquired sensitivity to 5-fluorodeoxyuridine (5-FU) to a
greater degree than parental cells (n = 11, P = 0.003, Wilcoxon
rank test; Fig. 64). These data suggest the possibility that PostiPC
cells, via iPC cells, could be more sensitive to therapeutic agents.

Proliferation assays for 48 h in Matrigel and the mTeSR1
medium, an ES-culture condition, showed that iPC cell growth
significantly decreased compared with parental cells based on
mean cell counts in four independent wells (n = 4, P = 0.046,
Wilcoxon rank test; Fig. 6B). There was, however, no significant
difference in 48-h proliferation of parental and PostiPC cells in
primary culture conditions (Fig. 6C). An invasion assay showed
no significant differences between parental and PostiPC cells
(Fig. 6D). In a sharp contrast, the 48-h proliferation assays with
the presence of retinoic acid (RA) and 1,25-dihydroxy vitamin
D3 (VD3), which are known as inducers of differentiation (18,
19), resulted in a reduction in PostiPC cells compared with
mock-treated parental cells (n = 8, P = 0.512 and 0.049, re-
spectively, Wilcoxon rank test; Fig. 6 E and F). Invasion assays
were performed after the 48-h treatment; the data indicated that,
in the presence of RA and VD3, the invasion activity of PostiPC
cells was reduced compared with parental cells (7 = 6, P = 0.013
and 0.003, respectively, Wilcoxon rank test; Fig. 6 G and H).

Miyoshi et al.
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Fig. 4. Epigenetic modification of immature status-
related genes evaluated with bisulfite sequencing analysis
and chromatin immunoprecipitation in DLD-1. (4) From
the analysis of epigenetic status, bisulfite genomic se-
quencing analyses in the promoter regions of genes in-
ducing immature status, NANOG, revealed that they were
not methylated appreciably in iPC cells (clones 9431 and
9433), whereas the CpG dinucleotides of the regions were
methylated in parental cancer cells and PostiPC cells (open
and closed circles indicate unmethylated and methylated,
respectively). (B) Chromatin immunoprecipitation with
trimethyl-K4 H3 antibody was used to analyze the histone
modification status in parental, iPC, and PostiPCicells. H3
lysine 4 was methylated in these regions for NANOG in iPC
cells compared to that in parental and PostiPC cells. H3 ly-
sine 4 was methylated in these regions for OCT3/4 in iPC
and PostiPC cells compared to those in parental cells (results
were assessed in contrast to each input DNA). HDF and
transfected HDF (T-HDF) were analyzed for comparison. As
a control, respective sheared chromatin sample was used
for itative PCR. *, clones of iPC cells.

Assessment of Tumorigenic Properties. To determine tumorigenic
properties in vivo, PostiPC cells were transplanted s.c. at several
densities into dorsal flanks of NOD/SCID mice. Four weeks after
injection, we observed tumor formation (Fig. S34). There were
significant differences between PostiPC cells and parental cells
(P < 0.01, Wilcoxon rank test; Fig. S3B). These data demon-
strated the reduction of tumorigenesis via reprogramming proc-
ess; this finding may be applied to anticancer therapy.

Discussion

The role of CSCs was noted in acute myeloid leukemia (3). The
possible involvement of CSCs has since been shown in several
solid tumors (20-22). In solid tumors, these results suggest that
the CSC population, although it is likely a minority, is related to
treatment resistance and problems of relapse or metastasis (1, 2).
CSCs, through their self-renewal and drug-resistant capacities,
may share properties that are conducive to persistence and
proliferation, even after anticancer therapy. It is important to

understand their biological characteristics, as specific markers of
all CSCs have not yet been identified.

Recently, several reports have shown that tumor development
is associated with genetic and epigenetic changes of the genome,
and that epigenetic modifications play an important role in tumor
heterogeneity (23). Several experiments, such as nuclear trans-
plantation, ES cell fusion, and transfection with several tran-
scription factors, have demonstrated reprogramming of terminally
differentiated cells into pluripotent embryonic cells, which is
linked to the development of an organism by resetting the epi-
genetic modifications (4-9). In previous reports, the transcription
factor NANOG was required to maintain the pluripotency and
self-renewal of ES cells (13, 14).

According to genetic and epigenetic analyses in previous
reports, immature status related to promoter activation in defined
genes, such as NANOG, plays a very important role in the estab-
lishment of a pluripotent state (6-9, 13, 14). To prepare iPC cells,
we manufactured a specific tool that could detect the pluripotent

NANOG REX1 ocT3/4 sox2
2.E+02 +04 1
0.E+00 i - 0.E+00 I 0.E+00 | 0.E+00 l
g8 =28 288 =89
eMYC CDKN2A TP53 DNMT3A
5.E-02 8.E-01
0.6400 I 0.E+00 I I
1+ <88

0.6400

Fig. 5. Expression of immature and differentiated
status-related genes in parental, iPC, and PostiPC
cells induced from DLD-1. (A) The expression of
NANOG, REX1, OCT3/4, SOX2, KLF4, and ¢-MYC
markedly decreased in iPC cells. The expression of
CDKN2A, DNMT3A, and DNMT3B increased in
PostiPC cells compared to iPC cells. The mRNA copy
expression was normalized against GAPDH mRNA
expression. (B) (Left) Flow cytometry showed a shift
of the CD24/CD44 population in parental, iPC, and

. :
Il .
3 iPC
3 = Pic
© 100 10! 102 100
CD44
Miyoshi et al.

PostiPC cells. (Right) The CD44 population in Pos-
tiPC cells decreased compared with that of parental
cells. P, parental cells; P-iC, PostiPC cells.
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Fig. 6. In vitro methyl thiazolyl tetrazolium (MTT) analyses, proliferation and invasion assay. (A) The 5 FU MTT assay revealed s-gmﬂcant differences in PostiPC

P
pic &

and DLD-1 parental cells (n =11, P=0.003, Wilcoxon rank test). (8) Proliferation assays for ES-cuIture esing| h of iPCcellsand DLD-1
parental cells (n =4, P=0.046, Wilcoxon rank test). (C) Proliferation assays in primary culture i ificantdiffer DLD-1parental
and PostiPC cells. (D) Invasion assay showed nosignificant differences between DLD-1 parental and Postl PC cells (relative ratio and parental cell average). (£ and F)
Proliferation assays showed differences in ratio with control (with no ) under the ion-inducing with vitamins A and D supple-

mentation (n =8, P=0.512 and 0.049, respectively, Wilcoxon rank test). (G and H) Invasion assays showed significant differences in the ratio with control (with no
treatment) cells under the differentiation-inducing treatment with vitamin A and D supplementation (n =6, P=0.013and 0.003, respectively, Wilcoxon rank test).
P, parental cells; P-iC, PostiPC cells. *, P < 0.05.

state in living cells based on the results of previous studies. We  were induced from eight cancer cells, including cancers of color-
investigated NANOG expression in gastrointestinal cancer cell ~ ectum, esophagus, stomach, pancreas, liver and bile ducts (Fig. S4).
lines, corresponding to human iPS cells and teratocarcinoma  Here, iPC was established from cancer cell lines. It is necessary to
NTERA-2, which had higher NANOG expression. The expression ~ demonstrate universality in primary tumors and to more efficiently
could not be detected in PostiPC cells with this system. A low ef-  investigate the factors and population in relation to the induction of
ficiency, as shown in iPS (6-9, 13, 14), suggests a possibility that  iPC cells: points to be elucidated and developed include differences
only a minority of tumor cell lines possesses specific potential to  of normal and tumor cells, individual responses, efficiency, and re-
obtain the property of iPC, or more likely that multiple mecha- ~ agent delivery system. As novel therapeutic approaches, the heter-
nisms are involved in full execution of reprogramming. We have to ~ ogeneity of reprogrammed cancer cells remains to be investigated.
consider a possibility that sphere-forming cells might be rare N
among the original cancer cell populations. Mat;erlals and Methods ' ) o
In this study, the tumor-suppressor gene PIG(INKLA), which 0 e e oD W 3o fatrom
?Cts against the Self-rel?ewal .0 f ES cells (10, 12), was repl’essed. n LoVo, and SWA480), esophageal cancer ’(T E-10): gastri('cancer' (MKNAS):
iPC cells. Our analysis indicated that PI6(INK4A) expression  pancreatic cancer (BXPC:3, MIAPaCa-2, PANC-1, and PSN-1), hepatocellular
increased in PostiPC cells, which may relate to the notion that  carcinoma (Hep38, HepG2, HLE, HLF, HuH-7, and PLC), cholangiocellular
PI16(INK4A4) up-regulation is involved in the suppression of  carcinoma (HuCCT-1), and teratocarcinoma (NTERA-2 clone D1). NTERA-2 was
transformed phenotypes and their sensitization to therapeutic  provided by DS Pharma Biomedical (Osaka). These cell lines were maintained
agents (24). The sequence study of P16(INK4A4) promoter in-  in DMEM (Nakalai Tesque, Kyoto) containing 10% FBS at 37 °C under a 5%
dicated the demethylation in PostiPC cells from DLD-1 cells, g“";('d)'fm: €0, atflnoslx;he'e{ HiDFn‘;vas Ru'td)aszd flrmg:x:;:o ';CA:%GKm
2 saka) as a normal cell control al maintained wi Ibroblas ro
:t‘x:;;e::gge‘:tssfl?:te:;l(:r::cg\?:in(::loffllll;o‘?ssu;?elg:)it;ghe’ls}z; Mediun} kit (CA116500; Toyobo). Plasmids were pl._wchased from_ Addgene
. .. e (Cambridge, MA), Clontech (Palo Alto, CA), Cell Biolabs (San Diego), and
reprogramming may play a role in increased chemosensitivity t0  gpen giosystems (Huntsville, AL). The plasmids used in this study are sum-
5-FU and the regression of cell proliferation and invasiveness  marized in Table S1. These transfectants were grown in DMEM supple-
under differentiation-inducing conditions. The Rb/P16(INK44)  mented with 10% F8S and puromycin (2 pg/mL), and transferred to specific
tumor-suppressive pathway has been reported to be abrogatedin  culture conditions as described in the supporting information. Al trans-
several tumors (24). It is necessary to investigate the specific feda-nts \'Nith rerlrovirus were rv!ade wit'; the ViraDuctin.retrovir.us trans-
analysis in the pathways to assess the contribution of TSG. ductlon_ klt(C_eII Bln!abs).Thosew1th lentivirus were made with theVlrapower
Presumably, the suppression of tumors and their sensitization to Sa_";ag'"g mix |(|";V't'°9°"' Ca"“;ad' ﬁA) o A;'e“"" (olpe“ Z""Y“e“"’)' In
induced differentiation are the result of genetic and epigenetic Fle, cances cel lines were transfected with adequate plasmid at a concen-

N N N e tration of 4 pg/ul by using lipofectamine (Lipofectamine 2000; Invitrogen),
modifications. This result supports the possibility of new cancer 4 incubated in glucose-free Opti-MEM (Invitrogen). All experiments were

therapies via reprogramming approaches even in cancer cells that  performed at 50-70% cell confluence and results were confirmed in at least
should have corrupted genetic codes. In the present study, iPCcells  three i . All-i type fluorescence microscopy

44 | www.pnas.org/cgi/doi/10.1073/pnas.0912407107 Miyoshi et al.
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(BZ-8000; Keyence, Osaka) with digital photographic capability was used to
visualize cells at several magnifications. The growth rates of the cultured
gastrointestinal cancer cell lines were measured by counting cells using Cell-
Tac (Nihon Koden, Tokyo). The optimization of retroviral transduction of
human cancer cell lines was performed as shown in supporting information.
Vectors used are shown in Table S1.

RNA Preparation and RT-PCR. Total RNA was prepared by using TRIzol reagent
(Invitrogen). Reverse transcription was performed with SuperScriptlll (Invi-
trogen). To confirm PCR amplification, 25-35 cycles of the PCR were performed
by using a PCR kit (Takara, Kyoto) on a Geneamp PCR system 9600 (PE Applied
Biosystems, Foster City, CA) with the following condition: 95 °Cfor 10s, 60 °C
for 10's, and 72 °C for 60 s. An 8-l aliquot of each reaction mixture was size-
fractionated in a 1.5% agarose gel and visualized with ethidium bromide
staining. To :enflrm RNA quahty PCR amplification was performed for the
(GAPDH) gene using the specific
prlmers (Tables S2 and $3). For itati we the

Flow Cytometry. Flow cytometry was performed on trypsin-dissociated
parental cells, iPC, and PostiPC cells by using antibodies for CD24 (BD Bio-
sciences, Sparks, MD) and CD44 (BD Biosciences). 7-AAD (eBioscience, San
Diego, CA) preincubation was used to exclude dead cells. To assess the ex-
pression of the reprogrammed cells, iPC cells were assessed in the isolated
colonies after the transfection of NANOG promoter-GFP clone. Cells were
analyzed by using a FACScan flow cytometer equipped with CellQuest
software (FACS caliber; BD Biosciences).

RA and VD3 Treatment. RA and VD3 were purchased from Sigma-Aldrich (St.
Louis). RAwas dissolved in 99% ethanol asa 100 uM stock solution. The cells were
allowed to settle for 48 h in DMEM supplemented with 100 nM RA. VD3 was
dissolved in 99% ethanol asa 10 M stock solution. The cells were allowed to settle
for 48 h in DMEM supplemented with 10 nM VD3. To assess the proliferation in
the presence of RA and VD3, the cells were grown in these media for another
48 h. Cell viability was determined with the Cell Counting kit incorporating
WST-& (Dopndu Lab., Tokyo). WST-8 (10 pL) was added to 100 pL of the medium

gene expression by RT-PCR analysis. Quantitative real-time RT-PCR was per-
formed by using a LightCycler TagMan Master kit (Roche Di Tokyo)

each above, and the absorbance was read at 450 nm by
usmg a microplate reader (Model 680XR; Bio-Rad Laboratories, Hercules). All

for cDNA amplification of target specific genes. The expression of mRNA
copies was normallzed against GAPDH mRNA expression. The detailed con-
dition for Qu i I-time RT-PCR is shown in supporting
information. Primers used are shown in Tables 52 and S3.

Drugs and Antibodies. Antibodies used for immunocytology were against
Nanog, Ssea-3, Ssea-4, Tra-1-60, Tra-1-81, Tra-2-49, Tubb3, Gfap, Vim
(Chemicon International, Temecula, CA), and Krt19 (OriGene Technologies,
Rockville, MD) leferentlatmn to adipocytes was induced by specific sup-

1t 390416;

Bisulfite Sequencing. Genomic DNA was treated with Applied Biosystems
methySEQr Bisulfite Conversion kit (Applied Biosystems) according to the
manufacturer's recommendations. Treated DNA was purified with QIAquick
column (Qiagen, Valencia, CA). The human NANOG gene promoter regions
were amplified by PCR. The PCR products were subcloned with pCR2.1-TOPO.
Every clone of each sample was venﬂed by sequencing with the T3 and T7 pri-
mers. The lysi Analysis Software v5.2 (Applied Bit

Primer sequences used for PCR amplification are provided in Table $3.

Chromatin ipitation Assay. 1 x 107 cells were cross-
linked with 1% formaldehyde for 10 min at room temperature and quenched by
adding glycine. The cell lysate was treated to share a chromatin-DNA complex
with an enzymatic shearing kit (Active Motif, Carlsbad, CA). Immunopredipitation
used Protein G magnetic beads (Active Motif)-linked anti-trimethyl lysine 4 his-
tone H3 antibody (Nippongene, Toyama, Japan), or a negative control IgG kit
(Active Motif). Eluates were used as templates for quantitative PCR. Each sheared
chromatin sample was used for quantitative PCR as a control. Primer sequences
used for PCR amplification are provided in Table $3.
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were performed at 30-80% cell confluence, and the results were
conflrmed in at least three independent experiments.

« To assess the to 5-FU in vitro, cells at
different concentrations were evaluated with an MTT assay. 5-FU was pur-
chased from Kyowa Hakkou (Tokyo). The cells were allowed to settle for 96 h
in DMEM supplemented with several concentrations of 5-FU, and viability
was assessed.

Invasion Assays. Cell invasion was assessed with a CytoSelect Cell Invasion
Assay according to the manufacturer's protocol (Cell Biolabs). Cells (1.0 x10%)
in DMEM were placed on 8.0-m-pore size membrane inserts in 96-well
plates, and DMEM with 10% FBS was placed in the bottom of the wells.
After 24 h, cells that did not invade were removed from the top side of the
membrane chamber, and the cells from the underside of the membrane
were dislodged by tilting the chamber in Cell De-
tachment Solution (Cell Biolabs). Lysis Buffer/CyQuannt GR dye solution (Cell
Biolabs) was added to each well, and the fluorescence of the mixture was
read with a fluorescence plate reader at 480 nm/520 nm.

In Vivo Analysis. The tumorigenic properties were evaluated on trypsin-
dissociated cells with parental and PostiPC cells. We transplanted them
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Strong interaction between the effects of alcohol
consumption and smoking on oesophageal squamous
cell carcinoma among individuals with ADH1B and/or

ALDH? risk alleles
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Shoji Natsugoe,” Tetsuro Setoyama,® Shinkan Tokudome,” Koshi Mimori,
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ABSTRACT

Background Oesophageal squamous cell carcinoma
(0SCC) is considered a difficult cancer to cure. The
detection of environmental and genetic factors is
important for prevention on an individual basis.
Objective To identify groups at high risk for 0SCC by
simultaneously analysing both genetic and environmental
risk factars.

Methods A multistage genome-wide association study
of OSCC in Japanese individuals with a total of 1071
cases and 2762 controls was performed.

Results Two associated single-nucleotide polymorphisms
(SNPs), as well as smoking and alcohol consumption, were
evaluated as genetic and environmental risk factors,
respectively, and their interactions were also evaluated.
Risk alleles of rs1229984 (ADH1B) and 1s671 (ALDH?)
were highly associated with OSCC (odds ratio (OR)=4.08,
p=4.4x10" and OR=4.13, p=8.4x 107, respectively).
Also, smoking and alcohol consumption were identified as
risk factors for OSCC development. By integrating both
genetic and environmental risk factors, it was shown that
the combination of rs1229984 and rs671 risk alleles with
smoking and alcohol consumption was associated with
0SCC. Compared with subjects with no mare than one
environmental or genetic risk factor, the OR reached 146.4
(95% CI 50.5 to 424.5) when both environmental and
genetic risk factors were present. Without the genetic risks,
alcohol consumption did not correlate with 0SCC. In people
with one or two genetic risk factors, the combination of
alcohol consumption and smoking increased 0SCC risk.
Conclusions Analysis of ADH1B and ALDH? variants is
valuable for secondary prevention of 0SCC in high-risk
patients who smoke and drink alcahol. In this study, SNP
genotyping demonstrated that the ADH1B and/or ALDHZ?
risk alleles had an interaction with smoking and, especially,
alcohol consumption. These findings, if replicated in other
groups, could demonstrate new pathophysiological
pathways for the development of 0SCC.

INTRODUCTION

Oesophageal squamous cell carcinoma (OSCC), but
not adenocarcinoma, is relatively common in East
Asia, including Japan." Oesophageal cancer is the
eighth most common cancer world wide,
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What is already known about this subject?

> QOesophageal squamous cell carcinoma (0scc)
is associated with drinking and smoking alcohol,
but the genetic risk is unknown.

What are the new findings?

> This study demonstrates that single nucleotide
polymorphisms of ADH1B and ALDH2 interact
with alcohol consumption, especially when
combined with smoking, to increase 0SCC risk.

How might they impact on clinical practice in

the foreseeable future?

> The analysis of ADH1B and ALDH? variants
would be valuable for individualised i
of 0SCC.

p

accounting for 462000 new cases in 2002, and the
sixth most common cause of cancer-related death
(386000 deaths). OSCC is the most common
histological type world wide,? and is a treatment-
resistant cancer that can withstand a combination
of surgery, chemotherapy and radiotherapy.! It is
difficult to diagnose OSCC early because it shows
few symptoms in its early stages. Furthermore,
there is no effective marker for predicting the
development of OSCC. Therefore, it is important
to detect risk factors for primary prevention and
also to identify high-risk groups for secondary
prevention.

Both genetic and environmental factors are
involved in the pathogenesis of OSCC. Although
smoking and alcohol consumption have been
demonstrated as lifestyle factors that contribute to
the development of the disease,® the DNA sequence
variations that confer an additional risk of devel-
oping the disease remain largely unknown. The
availability of high-resolution linkage disequilib-
tium (D) maps and comprehensive sets of
common single nucleotide polymorphisms (SNPs)
that capture most of the common sequence
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variations facilitate the identification of disease-related genes
with genome-wide association studies, an approach without an
a priori hypothesis based on a gene function or disease pathway.

To identify OSCC-related genes, we conducted a multistage
genome-wide association study in Japanese individuals, with
a total of 1071 cases and 2762 controls, and identified a signifi-
cant genome-wide level of association for two and six SNPs on
chromosomes 4q23 and 12q24.11-13, respectively. The most
functional variants in the two regions, rs1229984 (ADH1B) and
15671 (ALDH2)," were strongly associated with OSCC.
Furthermore, we analysed the association with OSCC of
smoking and drinking alcohol, two of the principal environ-
mental determinants of OSCC, both individually and jointly.?
Finally, we evaluated the combined effects of environmental and
genetic risk factors.

METHODS

Study sample

This case—control study was designed to investigate the envi-
ronmental and genetic risk factors for OSCC. The eligibility
criterion was that the oesophageal disease was pathologically
diagnosed as OSCC. Patients with newly diagnosed oesophageal
cancer, 35—85 years of age, were identified from six hospitals
(Juntendo University Hospital, National Cancer Center
Hospital, Kurume University Hospital, Saitama Cancer Center,
Kagoshima University Hospital and Kyushu University
Hospital) from 2000 to 2008. Healthy controls without
a previous cancer history were recruited from Kyushu University
Hospital (and related hospitals) during the same time period. All
controls were enrolled after receiving an upper gastrointestinal
endoscopy test to ensure that they had no disease. All partici-
pants provided written informed content. The study protocol
was reviewed and approved by Kyushu University (Fukuoka,
Japan), Juntendo University (Tokyo, Japan), National Cancer
Center Hospital (Tokyo, Japan), Kurume University (Kurume,
Japan), Saitama Cancer Center (Saitama, Japan) and Kagoshima
University (Kagoshima, Japan). In total, 1071 patients with
OSCC and 2762 controls were enrolled.

Environmental risk factors

Detailed information about demographic characteristics, life-
style and daily diet was collected using a standardised ques-
tionnaire. Of all the known determinants of OSCC, we chose
the two major ones—smoking and alcohol consumption—as
environmental risk factors to investigate in detail. Information
on smoking and alcohol consumption habits (eg, current smoker,
ex-smoker, or non-smoker for smoking status) was collected at
the time of enrolment. In addition, the Brinkman index (product
of the number of cigarettes per day and years of smoking) for
current smokers and years after quitting smoking or drinking
(<1 year, 12 years, 3—9 years, or 10years or longer) were
calculated. Of the data collected from 1071 patients with OSCC
and 2762 controls, the data from 742 patients with OSCC and
820 controls were analysed.

Genotyping, quality control and genetic association analysis

The genome-wide association study was carried out using the
Affymetrix GeneChip Human Mapping 500K array (online
supplementary figure 1). We genotyped 226 OSCC cases and
1118 controls using the Bayesian Robust Linear Model with
Mahalanobis (BRLMM) algorithm. Samples with a genotype call
rate <0.94 for either NspI or StyI GeneChip SNPs were removed
from analysis (N=12). To detect duplicated samples, relatives,
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and DNA-contaminated samples, pairwise identity-by-descent
(IBD) estimation was carried out. We detected 1, 28 and 2 pairs
showing IBD (PI_HAT) proportions of 1.0, approximately 0.5
and 0.25, respectively. Based on the results, 31 samples that had
lower genotype call rates in each pair were excluded from the
association analysis. In addition, we removed samples that had
deviated averages of PI_HAT (approximately more than 3
standard deviations (PI_HAT > 0.020, N=13, see supplementary
figure 2)) because such high mean PI_HAT values might be
caused by DNA contamination or low-quality genotyping.
These 13 samples also had higher rates of heterozygous geno-
types than the other study samples (supplementary figure 3).
After the sample quality check, 1288 samples (209 OSCC and
1079 controls) were subjected to further analysis.

SNPs were removed from analysis if they had a call rate of less
than 0.95, showed a difference in call rate of more than 0.03
between OSCC and controls, displayed Hardy—Weinberg
disequilibrium (p<1.0x10“) in the control group, or had
a minor allele frequency (MAF) <0.10. SNPs that were not
selected in the updated GeneChip SNP5.0 (Affymetrix) were also
excluded. After these exclusions, 234 830 SNPs remained in the
first stage. The genomic inflation factor based on the median 2
value was 1.024 in this genome-wide association analysis
(supplementary figure 4), implying that there was no systematic
increase of false positives owing to population stratification or
to any other form of bias. Six SNPs on chromosome 12q24 were
strongly associated with the disease, exceeding the genome-wide
significance level of p=1.0x107 (supplementary figure 5).

In the second stage, 480 OSCC and 864 control samples were
genotyped using the Illumina Golden Gate Assay for the best
1536 SNPs (allelic p<0.013). When multiple SNPs displayed
strong LD with each other (?>0.8), the most closely associated
SNP was chosen to avoid redundancy during the selection of the
1536 SNPs. The samples with a genotype call rate <0.98 and
SNPs with a call rate <0.98, Hardy-Weinberg disequilibrium
(p<140><104) in the controls, or an MAF <0.05 were excluded
from the association analysis. After quality control, 479 OSCC,
863 control and 1419 SNP samples remained, and 66 SNPs had
an allele test p<0.05 at this stage.

Among the 26 SNPs that showed an allelic p<0.01 in the
second stage, 25 could be genotyped with the TagMan method
in 365 OSCC cases and 780 controls in the third stage. The
average SNP call rate of these 25 SNPs was 0.998. We identified
10 SNPs with an allelic p<0.05, and eight SNPs reached
a significant genome-wide association level (p<1x107) in
combined samples. The non-synonymous SNPs 151229984
(ADH1B), 15671 (ALDH2) and rs16969968 (CHRNAS), as well as
the synonymous SNP rs1051730 (CHRNA3), were also geno-
typed in all samples in the first through third stages by the
TagMan method.

Statistical analysis

To evaluate genetic and environmental factors, genotype data for
the two SNPs (151229984 and rs671) and lifestyle data (smoking
and alcohol consumption) were available for 742 OSCC cases
and 820 controls. Odds ratios (OR) and 95% Cls (95% Cls) were
calculated using unconditional logistic regression models,
adjusted for sex, age (5-year categories) and study area (Honshu
and Kyushu islands).

The environmental factors—that is, history of smoking and
alcohol consumption, were re-categorised into two subclasses
according to whether subjects had a previous habit of smoking
or drinking; this was done to minimise the effect of disease. To
evaluate the interaction effect more simply, we chose the

Gut 2010;59:1457—1484. doi:10.1136/gut.2009.205724

—237—



dominant or recessive model for both SNPs, combining the
heterozygous group into either a wild homozygous or mutant
homozygous group. The model was selected based on the fitness
of the logistic regression. For the results, subjects with GA at
151229984 were included in the group of AA homozygotes
because the recessive model was a better fit than the dominant
model. In contrast, the AG and AA genotypes of 1s671 were
combined because the dominant model was a better fit.

First, we estimated the environmental risk arising from
smoking and alcohol consumption both individually and in
combination (risk=0, 1 or 2). Similarly, for genetic risk, we
estimated the OR of each factor of rs671 (AG/AA) and
151229984 (GG) and their combined effect (risk=0, 1 or 2). Next,
we repeated the same analysis for environmental risk according
to the stratum of genetic risk. In the stratified analysis, we
evaluated how the environmental effect was modified in the
different genetic strata—that is, the existence of a gene-
—environment interaction. Here we used subjects with the AG/
AA genotype of rs671 and/or GG genotype of rs1229984 as
a genetic risk group. Finally, we calculated the risk number for
the four risk factors in comparison with subjects who had no
risk factors to evaluate the accumulation of risk (risk=0, 1, 2, 3
or 4) (tables 1, 2, and 3 and Figure 1).

p Values for the interaction are based on likelihood ratio tests
that compared models with and without interaction terms.

Table 1 Characteristics of the cases and controls

Cases Controls
Characteristics (N=742) (N=820)
Sex
Male 641 (86.4) 506 (61.7)
Female 101 (13.6) 314 (383)
Age (years)
40-49 24 (3.2 127 (15.5)
50—-59 149 (20.1) 247 (30.1)
60—69 330 (44.5) 256 (31.2)
70-79 239 (32.2) 190 (23.2)
Environmental risk factor
Non-drinker 63 (8.5) 34 (41.6)
Ever-drinker (environmental risk) 679 (91.5) 479 (58.4)
Non-smoker 103 (13.9) 422 (51.5)
Ever-smoker (environmental risk) 639 (86.1) 398 (48.5)
Environmental risk No=0 36 (4.9) 252 (30.7)
Environmental risk No=1 94 (12.7) 259 (31.6)
Environmental risk No=2 612 (82.5) 309 (37.7)
Genetic risk factor
1s671 GG 194 (26.1) 502 (61.2)
rs671 AG/AA (genetic risk) 548 (73.9) 318 (38.8)
rs1229984 AA/AG 591 (79.6) 776 (94.6)
rs1229984 GG (genetic risk) 151 (20.4) 44 (5.4)
Genetic risk No=0 169 (22.8) 479 (58.4)
Genetic risk No=1 447 (60.2) 320 (39.0)
Genetic risk No=2 126 (17.0) 21 (2.6)
Total risk
Total risk No=0 15 (20 115 (14.0)
Total risk No=1 4 (5.9) 266 (32.4)
Total risk No=2 187 (25.2) 348 (42.4)
Total risk No=3 385 (51.9) 87 (10.6)
Total risk No=4 m (15.0) 4 (0.5)

Results are shown as number (%).

No: The environmental risk arising from smoking and alcohol consumption, both individually
and in combination (risk=0, 1 or 2). Similarly, for the genetic risk of each factor of rs671
(AG/AA) and rs1229984 (GG) and their combined effect (risk=0, 1 or 2). Finally, we
calculated the risk number for the four risk factors in comparison with subjects who had no
risk factors to evaluate the accumulation of risk (risk=0, 1, 2, 3 or 4).
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Table 2 Risk of phageal sq cell carci associated
with environmental and genetic risk factors and their internal interaction

Risk factors Cases Controls OR 95% Cl

Environmental risk factor

Non-drinker and non-smoker 36 252 1.0
(environmental risk No=0)

Ever-drinker and non-smoker 67 170 35
(environmental risk No=1)

Non-drinker and ever-smoker 27 89 23
(environmental risk No=1)

Ever-drinker and ever-smoker 612 309 16.0
(environmental risk No=2)

p Value for interaction of drinking 0.048
and smoking

Genetic risk factor

rs671 GG and rs1229984 AA/AG 169 479 1.0
(genetic risk No=0)

rs671 AG/AA and 151229984 AA/AG 422 297 438
(genetic risk No=1)

rs671 GG and rs1229984 GG 25 23 3.1
(genetic risk No=1)

rs671 AG/AA and rs1229984 GG 126 2 34.0
(genetic risk No=2)

p Value for interaction of two genetic 0.079
factors

The odds ratios and the 95% Cls for squamous cell i i with
alcohol consumption, smoking, and single nucleotide polymorphisms were estimated from
logistic regression models adjusted for sex, age and study area. No: The environmental risk
arising from smoking and alcohol oth indivi and in binati
(risk=0, 1 or 2). Similarly, for the genetic risk of each factor—rs671 (AG/AA) and
151229984 (GG)—and their combined effect (risk=0, 1 or 2). Finally, we calculated the risk
number for the four risk factors in comparison with subjects who had no risk factors to
evaluate the accumulation of risk (risk=0, 1, 2, 3 or 4).

Reference
(211t05.8)
(1210 43)

(8.7 to 26.3)

Reference
3.7 0 6.3)
(1.6 t0 6.1)

(18.1 to 63.8)

Statistical analyses were performed with SAS software version
9.1 (SAS Institute). A two-tailed p value of <0.05 was consid-
ered statistically significant.

Genotype data cleaning and IBD analysis were carried out
using PLINK version 1.06 software. LD was assessed with
HaploView version 4.0.” The statistical power for the allelic
association analysis in the first and second stages of this study
was calculated using the PS program® (supplementary table 1).
Statistical analyses for the gene—environment interaction were
performed with SAS. A two-tailed p value of <0.05 was
considered statistically significant.

RESULTS

Figure 2 shows the study design. Table 1 shows several charac-
teristics of the cases and controls. Cases included more men,
older individuals, ever-drinkers, ever-smokers and subjects with
the AG/AA genotype of 13671 and GG genotype of 151229984
than controls. The average risk was significantly higher among
cases (2.7) than among controls (1.5).

Our multistage association study identified two and six SNPs
on chromosomes 423 and 12q24.11-13, respectively, which
showed genome-wide evidence for association with 0oSscc
(p<1.0x107) (table 4). The disease-associated markers of 423
spanned the ADH gene cluster region, including seven ADH
family genes: ADH1A, ADH1B, ADH1C, ADHj4, ADHS, ADHé
and ADH7 (Figure 3). We searched for functional SNPs in these
genes in the SNP database and found one validated non-
synonymous SNP in exon 3 of ADH1B, 151229984, with an MAF
>0.1 in the East Asian population. In addition, 12q24.12
contains the ALDH2 gene, which is a well-known key enzyme in
alcohol metabolism (Figure 4). This gene also possesses a non-
synonymous SNP in exon 12, rs671, that affects its enzymatic
activity. We assessed the LD between these functional SNPs and
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Table 3 The risk of oesophageal squamous cell carcinoma associated with alcohol consumption and

smoking status

rs671 GG and

rs1229984 AA/ rs671 AG/AA or rs1229984

AG (genetic risk No GG

=0) (genetic risk No=1 or 2) p Value for
Risk factors OR 95% Cl OR 95% CI interaction®
Environmental risk factor
Non-drinker and non-smoker 1.0 Reference 1.1 (0.5 to 2.4)
(environmental risk No=0)
Ever-drinker and non-smoker 15 (0.7 to 3.3) 121 (5.5 to 26.6) <0.001
(environmental risk No=1)
Non-drinker and ever-smoker 45 (1.3 to 15.9) 24 (1110 5.3) 0.44
“(environmental risk No=1)
Ever-drinker and ever-smoker 5.0 (2.5 to 10.1) 62.1 (30.3 to 127.4) <0.001
(environmental risk No=2)
p Value for interaction of drinking and 0.55 0.048
smoking

The odds ratios and 95% intervals for call carci with alcohol ion and

smoking were estimated from logistic regression models adjusted for sex, age, mutual habit and study area.
*p Value for interaction between genetic risk and drinking and/or smoking status.

associated SNP markers. We detected moderate LD between
151229984 and 151042026 as well as between rs671 and
1511066280 (>=0.66 and 0.87, respectively) in control samples
(supplementary figure 5). These observations led us to examine
the association of 151229984 and rs671 with OSCC. We found
a stronger association between these SNPs and OSCC (allele test
OR=1.82, p =6.2x102® and OR =178, p =1.0x10?¢ for
151229984 and rs671, respectively) than between marker SNPs
and OSCC (allele test OR=1.66, p=1.8x10¢ and OR=1.68,
p=2.5%10"?" for 151042026 on 4q23 and rs11066280 on 12q24,
respectively), suggesting that rs1229984 and rs671 might be
susceptibility variants for OSCC (table 4). Because the other

10.000

~ o P py ~
= & = & =
< & < < 4
Figure 1 Magnitude of the risk of oesophageal squamous cell
carcinoma (0SCC) associated with the number of environmental and
genetic risk factors. The odds ratios (ORs) and the 95% Cls for OSCC
associated with alcohol consumption, ing and single nucl

SNP markers with disease associations reside in introns (eg,
153805322 and rs2074356 reside in the introns of ADH4 and
C120rf51, respectively), we cannot exclude the possibility that
they have a biological effect on genes from this region. However,
other lines of evidence support a possible role for ADH1B and
ALDH2 in the pathogenesis of OSCC.

The risk alleles of rs1229984 in ADH1B (G) and rs671 in
ALDH2 (A) encode arginine-48 and lysine-504, respectively,

1071 ESC patients and 2762 controls

SNPs Environmental+SNPs
Panel 1 s First screening
Cases 226vs. | (50() 568 SNPs)
controls LIS | K 500K SNP chip
234,830 SNPs were available for association analysis
best 1,536 SNPs showing
allelic test P-value < 0.013 ‘
Panel 2 Second screening
Cases 480 vs. (1,536 SNPs)
controls 864 Mlumina Golden Gate Assay Cases 742 vs
1,419 SNPs were available for association analysis Controls 820
allelic test P —value <0.01 ‘
Panel 3 Third screening
Cases 365 vs. (25 SNPs)
controls 780 TaqMan
Identification of 8 SNPs showing allelic test Smoking
P-value < 1.0 x 107 in panel 1+2+3 samples | | Alcohol drinking
SNPs

Flgure 2 DeSIQn of the genome-wide association study and gene-

polymorphisms (rs671 GG and rs1229984) are estimated from logistic

regression models adjusted for sex, age and study area. The data are

shown as OR+95% Cl. No: The environmental risk arising from smoking
and alcohol consumption, both individually and in combination (risk=0, 1
or 2). Similarly, for the genetic risk of each factor—rs671 (AG/AA) and
151229984 (GG)—and their combined effect (risk=0, 1 or 2). Finally, we
calculated the risk number for the four risk factors in comparison with
subjects who had no risk factors to evaluate the accumulation of risk

(risk=0, 1, 2, 3 or 4).
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study. In the first stage, 226 patients with
oesophageal squamous cell carcinoma (ESC) and 1118 controls were
genotyped for 500568 single nucleotide polymorphisms (SNPs) by
Affymetrix 500 K chip sets. Two additional rounds of screening by the
llumina Golden Gate Assay (1536 SNPs for the second screening) and
TagMan Assay (25 SNPs for the third screening) were performed as
indicated. To evaluate genetic and environmental factors, genotype data
for the two SNPs (rs1229984 and rs671) and lifestyle data (smoking and
alcohol consumption) were available for 742 patients with ESC and 820
controls.
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