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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 5-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 (1 = 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 CD133swong
and CD90" fractions. After stimulation of oxidative stress by H,O,,
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/5, 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'CDY0" fraction (P < 0.001) compared with the
CD13°CD90%, CD13-CDY0", and CD13"CD90" 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/PRE/S. Interestingly, after
48-hour treatment with DXR, ROS levels of CD13* populations
were decreased and reached those of control levels. Especially in
PLC/PRE/S, CD13'CD90 populations showed 2 peaks of ROS
levels, one of which contained further lowered ROS levels than
control. With §-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
Volume 120

Number9  Seprember 2010



research article

A PLC HuH7 PLC HuH7
— L] 3 | CD13-CDI0 W CD13°CD133
2 800 _*—*_‘ e 2 500 B CD13-CDS0 W CD13-CD133
< M=%  xlx
= 600 = 400 ¥ 4% = 0.0%
2. £300 £ |
o i
% g 200 3 1020.1%
£ 200 £ 100
S S
(S Q
CD13* CD13* CD13- CD13- CD13* CD13- CD13" =
CD90- CD90* CD9%0O* CD90O- : CD133* CD133* CD133" o
W Control WRT 4Gy M RT 4Gy with Tempol
c Control RT4Gy24h  RT 4Gy 48h =
y o~
w0y | 10° 10
o 10 " 104 100
HuH7 g - * 104 o 10°4
O [ B e 1t o -
T 100 10 Bi0 10 10 T0° T 10 10 10 =
CD13
w0f T
!
o

010° 16° 10° 10° 010° 10° 10° 1

Figure 8

0

High levels of ROS scavenger expression parallel DNA damage in CD13+ HCC cells. (A) Isolated cell fractions of CD13+CD90~, CD13+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+

HuH?7 cells (red) and CD13-CD90* PLC/PRF/5 and CD13-CD133+ Hul
with 4 Gy, seeded in culture medium, and their expressions analyze:
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.
In addition, 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*CD90-, CD13*CD90*, CD13-CD90*, and CD13-CD90~
PLC/PRF/S 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-
tribure ro 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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IH7 cells (blue) with + SD. (C) HuH7 and PLC/PRF/5 cells were irradiated
d after 24 and 48 hours. Damaged and dead cells were eliminated with

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-CD90" 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/PRF/S and HuH?7,
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/5 (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
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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 results of this study are compatible with those of dormancy
studies on hematopoietic 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 with 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 5-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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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, tumorigenicity was completely inhibited by treat-
ment with ubenimex in secondary mice xenografted with a CD13*
cell-enriched tumor fraction obtained from 5-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 target
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 nor elicit tumor regression by single agent administration of
ubenimex. To overcome these problems, we established combina-
tion therapy with ubenimex plus 5-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 raciicals (29,39), and it is reported that
5-FU induces ROS in hemaropoietic 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 S-FU and ubeni-
mex work in a complementary or additive fashion.

Although the majority of the experiments in this study are based
on cell lines, the expression, sphere, and ROS analyses support the
contention that PLC/PRE/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/S, obtained from
the Cell Resource Center for Biomedical Research, Institute 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
are listed in Supplemental Table 1. Briefly, cells were harvested with trypsin
and EDTA. Doublet cells were eliminated using FSC-A/PSC-H and SSC-A/
SSC-H. Dead and damaged cells were eliminated with 7-AAD (BD Biosci-
ences — Pharmingen). Isotype 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 Cockeail (Lin1; BD — Pharmingen)
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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 S“TTCACAATGACCGAATACCG-3'; GAPDH, S“TTGGTATC-
GTGGAAGGACTCA-3' and §"TGTCATCATATTTG-GCAGGTTT-3".

Cell proliferation and chemo-resistance assay. Isolated cells were seeded into
96-well culrure plates ac 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 zk[uminometcr (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 pg/ml). After 72 hours
of exposure to the chemotherapeutic agent, cell viability was determined
using a method similar to thar used in the cell proliferation assay.

Cellfate tracing. Cells were labeled with 20 M 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 S x 10° cells/well. Cells were cultured
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). Dara were analyzed
using a BZ-II analyzer (KEYENCE). BrdU-retaining cells were identified with
fresh frozen samples with the modification of using S-bromo-2'-deoxyuri-
dine Labeling & Detection Kit 1 (Roche Applied Science) and CD13 rabbic
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 ial amino acids (I 1), 1% insulin-transferrin-sele-
nium-X supplement (Invitrogen), 1 uM dexamethasone (Wako), 200 uM
L-ascorbicacid 2-phosphate (Sigma-Aldrich), 10 mM ni ide (Wako),
100 pg/ml penicillin G, and 100 U/ml streptomycin supplemented wich
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 di process. Three days after the spheres became attached

which contains antibodies against CD3, CD14, CD16, CD19, CD20, and
CDS56 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 106 cells in 2% FCS/
1 mM HEPES buffer/DMEM were preincubated at 37°C for 30 minutes.
Cells were then labeled with 10 ug/ml Hoechst 33342 (Molecular Probes)
in staining medium at 37°C for 70 minutes. A rotal of 15 ug/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 S0 minutes, 1 ug/ml PY was added and the cells were incubared
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 pg/ml 7-AAD (BD Biosciences — Pharmingen).

Gene expression study. Total RNA was prepared using TRIZOL reagent
(Invitrogen). Reverse transcription was performed with SuperScriptIll
(Invitrogen). Quantitative real-time RT-PCR was performed using a Light-
Cycler TagMan Master kit (Roche Diagnostics). The expression of mRNA
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to the botrom of the chamber and spreading cells appeared, cells were fixed
and stained with anti-human CD13 mouse monoclonal antibody (clone
WM15, 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, c 5 pg/ml; R&D Systems)
Immunobistochemistry. The 4-um-thick sections were obtained using
cryostat and fixed with 4% paraformaldehyde for 15 minutes. After 1 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 WM15, dilution 1:50; Santa
Cruz Biotechnology Inc.), anti-human CA9 rabbit polyclonal antibodies
(dilution 1:1000; Novus Biologicals), anti-human CD90 rabbit monoclo-
nal ancibodies (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 IgG;, Alexa Fluor 546-
conjugated, and highly cross-adsorbed (Molecular Probes) as well as goat
anti-rabbit 1gG, 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
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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
approximarely 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/ml colligenase 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 cycometry.

Inbibition of CD13. A total of § x 10° cells were seeded into 96-well plates
in 200 pl of culture medium. After 24 hours, the medium was replaced with
fresh culture medium containing 1, §, 10, and 20 pg/ml mouse monoclo-
nal anti-human CD13 antibodies (clone WM15; GeneTex) or 25, 50, 100,
250, and 500 pug/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) HuH? cells were established by continuous treatment
with 1 pg/ml DXR and selection of resistant colonies. Cellular apopto-
sis was measured using Pl and APC-annexin V (BD Pharmingen) with an
Apoptosis 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 Marrigel (BD Bi es). The HUH7 cell ted 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/PRF/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 ad ration), or ub and 5-FU (combis of 2 courses of
30 mg/kg of S-FU and 14 days of 20 mg/kg of ubenimex). The tumor size
was calcularted as follows: tumor volume (mm?) = 2 x b/2, where 2 = long
axis and b = short axis. The relative tumor volume was calculated as fol-
lows: relative tumor volume (%) = a/b x 100, where & = tumor volume before
treatment (mm?) and b = tumor volume after 14 days of trearment. 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 statistical assessment of the results.
All animal studies were approved by the Animal Experiments Comumittee
at Osaka University.

ROS assay. To study intracellular ROS levels, cells were loaded with 10 uM
of DCF-DA at 37°C for 30 minutes. ROS was activated by treatment with
100 uM H0, at 37°C for 120 minutes. To study the effect of CD13 inhibi-
tion on ROS levels, cells were pyetreated with 5 ug/ml of the CD13-neutral-
izing antibody or 25 pg/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 kit (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
derection 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 manufacrurer’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 incubarion, cells were stained
with cell-surface antibodies. Then cells were fixed and permeabilized using
Cytofix/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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The let-7 family of microRNAs inhibits Bcl-xL expression
and potentiates sorafenib-induced apoptosis in
human hepatocellular carcinoma
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Background & Aims: Bcl-xL, an anti-apoptotic member of the
Bcl-2 family, is over-expressed in human hepatocellular carcinoma,
conferring a survival advantage to tumour cells. The mechanisms
underlying its dysregulation have not been clarified. In the present
study, we explored the involvement of microRNAs that act as
endogenous sequence-specific suppressors of gene expression.
Methods: The expression profiles of microRNAs in Huh7 hepa-
toma cells and primary human hepatocytes were compared by
microarray analysis. The effect of let-7 on Bcl-xL expression was
examined by Western blot and a reporter assay. The involvement
of let-7 microRNAs in human tissues was analysed by western
blot and reverse transcription-PCR.

Results: Microarray analysis, followed by in silico target predic-
tion, identified let-7 microRNAs as being downregulated in
Huh7 hepatoma cells in comparison with primary human hepa-
tocytes, as well as possessing a putative target site in the bel-x!
mRNA. Over-expression of let-7c or let-7g led to a clear decrease
of Bcl-xL expression in Huh7 and HepG2 cell lines. Reporter
assays revealed direct post-transcriptional regulation involving
let-7c or let-7g and the 3'-untranslated region of bcl-xI mRNA.
Human hepatocellular carcinoma tissues with low expression of
let-7c displayed higher expression of Bcl-xL protein than those
with high expression of let-7c, suggesting that low let-7 micro-
RNA expression contributes to Bcl-xL over-expression. Finally,
expression of let-7c enhanced apoptosis of hepatoma cells upon
exposure to sorafenib, which downregulates expression of
another anti-apoptotic Bcl-2 protein, Mcl-1.

Keywords: Liver; Mcl-1; Bcl-2; Tumour; Epigenetic.
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Conclusions: let-7 microRNAs negatively regulate Bcl-xL expres-
sion in human hepatocellular carcinomas and induce apoptosis in
cooperation with an anti-cancer drug targeting Mcl-1.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

MicroRNAs (miRNAs), a novel class of non-coding, small RNAs,
repress gene expression by binding to the 3'-untranslated region
(3'UTR) of target messenger RNAs (mRNAs) [1]. More than 500
miRNAs have been identified in humans. Each miRNA is capable
of modulating the expression of many mRNAs to which it binds
by imperfect sequence complementarity, although only a limited
number of targeted genes has been identified. Through its activity
of gene silencing, miRNA functions in a variety of cellular
processes, such as devel organ h is, and cancer
development and progression [2]. In the context of cancer devel-
opment and progression, miRNAs targeting oncogenes function
as tumour suppressors, whereas those targeting tumour suppres-
sor genes serve as oncogenes [3]. Accumulating evidence has
revealed the aberrant expression of miRNAs in human hepatocel-
lular carcinoma (HCC) [4-6]. miR-122a has been reported to be
downregulated in HCC, in turn, leading to upregulation of cyclin
G1[7]. On the other hand, recent reports have demonstrated that
miR-21 [8], miR-221 [9], and miR-224 [10] are upregulated in HCC,
leading to downregulation of PTEN, CDK inhibitors, and API-5,
respectively. Furthermore, the miRNA expression signature was
reported to be related to the clinical outcome of patients with
HCC [11,12]. Thus, miRNAs may play an important role in HCC
development and progression by modulating a variety of gene
expression and cellular processes.

Apoptosis resistance is an important characteristic of tumour
cells, in addition to dysregulated proliferation and aberrant dif-
ferentiation. Apoptosis is regulated by a fine balance of Bcl-2
family proteins, such as anti-apoptotic Bcl-xL and Mcl-1 and pro-
apoptotic Bak and Bax. We previously demonstrated that Bcl-xL
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is over-expressed in one-third of human HCC and confers resis-
tance to hepatoma cells toward a variety of apoptotic insults
generated by serum starvation and p53 activation [13].
Patients with Bcl-xL-overexpressing HCC were shown to have
significantly shorter disease-free survival after surgery [14].
Recently, it was proposed that autophagy defect is another mech-
anism of the malignant phenotype of Bcl-xL-overexpressing HCC
through interaction between Bcl-xL and Beclin1 [15]. The under-
lying mechanisms of Bcl-xL over-expression in HCC are not
clearly understood. Several reports show that transcription fac-
tors such as NF-xB [16] and STAT3 [17] could upregulate Bcl-xL
expression in hepatoma cells. In addition, hepatitis C virus-
related proteins, such as core [18] and NS5A [19], could upregu-
late Bcl-xL at a transcriptional level. However, we noticed that
Bcl-xL-overexpressing hepatocarcinoma tissues do not always
display upregulation of bcl-xI mRNA [13]. This observation led
us to examine the possibility that post-transcriptional regulation
by miRNAs may be involved in Bcl-xL expression in human HCC.

In the present study, we demonstrate that let-7 family mi-
RNAs, a prototype of human miRNAs [20], negatively regulate
Bcl-xL expression in human HCC. let-7 miRNAs are downregu-
lated in human hepatoma cells and tissues in association with
enhanced expression of Bcl-xL. Over-expression of let-7 miRNAs
in hepatoma cells downregulates Bcl-xL in a bcl-xI 3'UTR
sequence-specific manner and enhances apoptosis induced by
sorafenib, a recently approved anti-cancer drug for HCC [21].
The present study demonstrates for the first time that let-7 mi-
RNAs directly target Bcl-xL and induce apoptosis in cooperation
with an anti-cancer drug targeting Mcl-1 in HCC.

Materials and methods
miRNA target predictions

The algorithms miRanda (http://www.microrna.org/), Pictar (http://pictar.mdc-
berlin.de/), and TargetScan (http://www.targetscan.org/) were used to predict
miRNAs that could potentially bind to bcl-xI mRNA.

Cell lines and tissues

Primary human hepatocytes were obtained from ScienCell Research Laboratories
(Carlsbad, CA) and cultured with the provided medium. Human hepatoma cell
lines, Huh7 and HepG2, were cultured with Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated foetal bovine serum (Sigma,
St. Louis, MO). HCCs and adjacent non-tumour counterparts were obtained at
the time of surgical resection. Written informed consent was obtained from each
patient. All tissues were stored at —80 °C until the time of use.

RNA extractions

Total RNA including the miRNA fraction was isolated from cell lines and tissue
samples using the miRNeasy Mini Kit (QIAGEN, Valencia, CA). After extraction,
the quality of each RNA sample was checked using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA).

miRNA microarray analysis

RNA labelling and hybridisation were performed using a human miRNA micro-
array kit and a miRNA complete labelling and hybridisation kit (Agilent Technol-
ogies). After washing with Gene Expression Wash Buffer, the slides were scanned
with an Agilent Microarray Scanner and analysed by GeneSpring GX software.

JOURNAL OF HEPATOLOGY

Western blot

Cells or tissues were lysed and Western blotted as previously described [22]. For
i ion, the following antibodies were used: i-Bel-xL

antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Mcl-1 polyclonal anti-
body (Santa Cruz Biotechnology), anti-Bak polyclonal antibody (Millipore, Bille-
rica, MA), anti-Bax polyclonal antibody (Cell Signaling Technology, Danvers,
MA). Optical densities of bands in each blot were analysed using Image] 1.40g
(NIH, Bethesda, MD).

Real time reverse transcription (RT)-PCR assays for mature miRNAs

To quantify the expression of mature miRNA, we synthesised cDNA from 10 ng
of RNA sample using the TagMan MicroRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Quantitative PCR was performed with TagMan
MicroRNA Assays (Applied Biosystems) specific for let-7c (P/N 4373167) and
let-7g (PN 4395393). To normalise the expression levels of miRNAs, we used
TagMan MicroRNA Assays specific for RNU6B (P/N 4373381) as the endogenous
control.

Real time RT-PCR assays for bcl-x! mRNA

We reverse-transcribed RNA with High Capacity RNA-to-cDNA Master Mix
(Applied Biosystems), and bcl-xl MRNA expression was measured using TagMan
Gene ion Assays (Applied Bi Assay ID: Hs99999146_m1). We
also quantified f-actin mRNA as an endogenous control (Assay ID:
Hs99999903_m1).

Transfections with miRNAs

Huh7 and HepG2 cells were transfected with 50 nM Pre-miR miRNA precursor
molecules (Ambion, Austin, TX) of either let-7c or let-7g using RNAIMAX (Invitro-
gen, Carlsbad, CA) in six-well plates according to the manufacturer's instructions.
Pre-miR negative control (Ambion) was also used as a control.

Luciferase assay

To generate the pMIR-Bcl-xL-3'UTR construct that contains the putative binding
site of bel-xI 3'UTR downstream of the firefly luciferase gene, we synthesised oli-
gonucleotides to mimic the target sequence and inserted them into the Spel-
Hindlll site of pMIR-REPORT Luciferase vector (Ambion). We also generated a
PMIR-Bcl-xL-3'UTR mutant that has a point mutation in the putative binding
site, using the QuickChange Multi Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA).

Each of these constructs was transfected into Huh? cells together with 50 nM
Pre-miR miRNA precursor molecules and pMIR-REPORT B-Gal vector (Ambion),
which contains the p- i gene for isation of ion effi-
ciency. T ‘was using Li ine 2000 (Invi We
measured firefly luciferase activity 24 h after transfection using the Luciferase
Assay System (Promega, Madison, WI) and normalised it to the -galactosidase
expression level.

In vitro staurosporine or sorafenib treatment

Huh?7 cells were transfected with 50 nM Pre-miR miRNA precursor molecules as
described above, and 48 h after transfection, the medium was changed to DMEM

ini i i i NJ) or sorafenib. Sorafenib was
kindly provided by Bayer HealthCare Pharmaceuticals Inc.(Wayne, NJ). Cells were
additionally cultured and assayed for apoptosis by monitoring the activity of cas-
pase-3/7 using a luminescent substrate assay for caspase-3 and caspase-7 (Cas-
pase-Glo assay, Promega, Madison, WI), or by flow cytometry using the
Annexin V-PE Apoptosis Detection Kit I (BD Biosciences, San Jose, CA). We defined
apoptotic cells as Annexin V-PE-positive and 7-amino-actinomycin D (7-AAD)-
negative cells. Cell viability was determined by the WST assay using cell count
reagent SF (Nacalai Tesque, Kyoto, Japan).
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Statistical analysis

Data are presented as mean + SD. Comparisons between two groups were per-
formed by the unpaired t-test. Multiple comparisons were performed by
ANOVA with the Scheffe post hoc test. p <0.05 was considered statistically
significant.

Results

. let-7 miRNAs were downregulated in hepatoma cells with

upregulated expression of Bcl-xL

As observed in human HCC tissues, Bcl-xL was over-expressed,
according to Western blot analysis, in Huh7 and HepG2 human
hepatoma cell lines compared to normal hepatocytes (Fig. 1A).
Previous research established that 30 and 32 kDa species are ori-
ginal and post-translationally modified Bcl-xL, respectively [23].
Mcl-1 was also over-expressed in human hepatoma cells, but
the levels of expression of Bak and Bax did not differ between
hepatoma cells and normal hepatocytes. We reasoned that mi-
RNA regulating Bcl-xL expression would be downregulated in
those hepatoma cell lines. To search for the candidate miRNA,
microarray analysis was performed. More specifically, miRNA
expression in Huh7 cells and normal hepatocytes was compared.
When levels of expression less than 50% were considered signif-
icant, 26 miRNAs were identified as being downregulated in
Huh?7 cells: let-7b, let-7g, let-7i, miR-127-3p, miR-214, miR-376a,
miR-381, miR-409-3p, miR-376c, miR-493*, miR-432, miR-487b,
let-7d, let-7a, let-7f, let-7c, miR-200a, let-7e, miR-134, miR-503,
miR-34a, miR-638, miR-150*, miR-1225-5p, miR-21*, and miR-223.
Among them, in silico analysis revealed that only the let-7 family
is capable of potentially targeting the 3'UTR of the bcl-xI mRNA.
To confirm the results of the microarray analysis, quantitative
real time RT-PCR was performed to evaluate the expression of
let-7c and let-7g (Fig. 1B). After normalisation to endogenous
RNUGB expression levels, the expression levels of both miRNAs
were substantially lower in Huh7 cells than in normal hepato-
cytes. These results were consistent with the results of microarray
analysis. Furthermore, the expression levels of both miRNAs were
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Fig. 1. Expression of Bcl-xL and let-7 miRNAs in cultured human hepatocytes
and hepatoma cells. Human hepatoma cell lines, Huh7 and HepG2, and normal
hepatocytes (NH) were cultured and then lysed. (A) Western blot analysis for Bcl-
2 family proteins. Bcl-XL migrates as a doublet band (see text). (B) Real time RT-
PCR analysis for let-7c and let-7g ion. After isation to

RNU6B expression, the expression of each miRNA in hepatoma cells was
expressed in comparison to the levels observed in normal hepatocytes.

found to be downregulated in another human hepatoma cell line,
HepG2, compared to normal hepatocytes.

let-7c and let-7g downregulate Bcl-xL expression by directly
targeting the 3'UTR of bcl-xI mRNA

To examine whether let-7 miRNAs are capable of suppressing
translation of Bcl-xL, hepatoma cell lines were transfected with
let-7c or let-7g or the negative control. Three days after transfec-
tion, Huh7 cells showed a decrease in Bcl-xL protein levels in
both ‘the let-7c-transfected group and the let-7g-transfected
group in comparison with the negative control group (Fig. 2A).
The transfection of let-7c and let-7g showed suppression of Bcl-
XL protein levels in HepG2 cells as well (Fig. 2B). It did not affect
expression of Bak and Bax, but increased Mcl-1 expression, which
may be a secondary phenomenon of suppression of Bcl-xL. Nor-
mal hepatocytes were also transfected with let-7c or let-7g (Sup-
pl. Fig. 1). The transfection led to a decrease in Bcl-xL expression
in normal hepatocytes, but the decline was lesser than that
observed in hepatoma cells. This finding may be explained by
the observation that endogenous expression of let-7c and let-7g
was extremely high in normal hepatocytes.

To examine whether the downregulation of Bcl-xL by let-7c or
let-7g is caused by direct binding to a putative targeting site in
the bcl-x! mRNA, we constructed the luciferase reporter plasmid
PMIR-Bcl-xL-3'UTR containing the putative let-7 binding site of
bel-xl 3'UTR downstream of the luciferase open reading frame
(Fig 3A). The pMIR-Bcl-xL-3'UTR construct was cotransfected
with the control pMIR-REPORT B-gal vector into Huh7 cells
together with let-7c or let-7g or the negative control. When let-
7c or let-7g Pre-miR was cotransfected with pMIR-Bcl-xL-3'UTR,
the expression of firefly luciferase was significantly reduced com-
pared to the negative control cotransfected group. There was no
difference in firefly luciferase expression levels when pMIR-
REPORT, which does not contain the putative let-7 binding site,
was cotransfected with let-7c, let-7g or the negative control
(Fig. 3B). We also generated a pMIR-Bcl-xL-3'UTR mutant with
a single base mutation in the seed region of the putative binding
sequence to investigate whether the downregulation of firefly
luciferase can be attributed to the insert (Fig. 3A). A single base
mutation prevented the downregulation of firefly luciferase
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A r N 1 B T S *
O
& &
d otP
N &
Y G ) )
&9 & ¢ o"’g &

B-ACHn —»| S — — B-ACn —= | unm—" — —
o 2 M | o[ .
Mcl-1—+| e GHD SR | Mol e S
Bk« N G G | o (e GHD D
Bax—~| W - — Bax— | —
Fig. 2. Over-expression of let-7 miRNAs downregulates Bcl-xL expression in
hepatoma cells. Hepatoma cell lines Huh7 (A) and HepG2 (B) were transfected
with let-7c, let-7g, or negative control miRNA at 50 nM and cultured for 3 days.

Expression levels of Bcl-2 family proteins were determined by Western blot
analysis.

700 Journal of Hepatology 2010 vol. 52 | 698-704

—48—



>
w

seed region
—_—
Bel-xL 3'UTR Mut AGCCCCAGGGUCUUCGCUACGUCA
bel-xl mRNA 3'UTR 1997 AGCCCCAGGGUCUUCCCUAGCUCA 2020
Lol [
let-7c 3" UUGGUAUGUUGGA -- UGAUGGAGU §'

let-7g  3'UUGACAUGUUUGA -- UGAUGGAGU 5

Relative luciferase activity (x 107)

Fig. 3. Sequence-specific of bcl-xl gene
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.
NC let-7c let-7g NC let-7c let-7g NC let-7c let-7g

PMIR-REPORT pMIR-BclxL pMIR-BclxLMut

by let-7c or let-7g miRNAs. (A) The putative target site of bcl-xI mRNA 3UTR determined by

computational predictions. The target sequence was cloned into pMIR-REPORT vector (pMIR-Bcl-xL-3'UTR). pMIR-Bcl-XL-3'UTR mutant was also generated with a single
mutation (indicated by a bold character) in the target site. (B) Each of these constructs was transfected into Huh? cells together with let-7c, let-7g or negative control miRNA
(NC). At 24 h after transfection, the activity of firefly luciferase was measured and normalised to p-galactosidase expression levels (n = 3). *p <0.05.

induced by let-7c or let-7g, which strongly suggests a direct inhib-
itory effect of let-7 on Bcl-xL expression (Fig. 3B).

Downregulation of let-7c miRNA in human HCC tissues
overexpressing Bcl-xL but not bcl-xl mRNA

To investigate the relationship between let-7 expression levels
and Bcl-xL protein levels in human HCC samples, we used 22
pairs of surgically resected human HCC tissue samples and adja-
cent non-tumour tissue samples with highly preserved RNA.
Compared to the non-tumour counterparts, bcl-xI mRNA was
found to be over-expressed in HCC tissue samples in only two
cases; Bcl-xL was also over-expressed at the protein level in these
cases. To assess the significance of let-7 in post-transcriptional
regulation of Bcl-xL in vivo, we selected 20 pairs of HCC tissue
samples that did not over-express bcl-xI mRNA. When these sam-
ples were divided into two groups according to relative let-7c
expression levels, the relative expression of Bcl-xL protein was
significantly higher in the let-7c low expression group than in
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Fig. 4. Expression of Bcl-xL, bcl-xI mRNA and let-7 miRNAs in human HCC
tissue. Relationship between let-7 and Bcl-xL expression in human HCC tissue
samples. HCC tissue samples that did not show transcriptional upregulation of
bcl-xI mRNA were divided into two groups according to relative let-7c expression
levels with the threshold set at a 0.4-fold change in the tumour to non-tumour (T/
NT) ratio. Relative expression of Bcl-xL protein and bcl-xI mRNA was calculated as
the optical densities of the Bcl-xL blots normalised with the B-actin blots and
those of real time RT-PCR assays, respectively, and are shown as the ratio of
expression in the tumour to non-tumour expression in log;o scale. *p < 0.05.

the let-7c high expression group (Fig. 4). By contrast, there was
no significant difference in bcl-xl mRNA expression between the
two groups. We also examined the relationship between relative
let-7g expression and Bcl-xL expression. The let-7g low expres-
sion group tended to over-express Bcl-xL protein compared to
the let-7g high expression group, although the difference did
not reach statistical significance (data not shown). These results
are consistent with the hypothesis that let-7 miRNAs negatively
regulate Bcl-xL expression independent of transcriptional
regulation.

let-7c miRNA sensitises human Huh? cells to sorafenib, which
downregulates Mcl-1 expression

To investigate the effect of let-7 in the resistance of hepatoma
cells to apoptosis, we transfected Huh7 hepatoma cells with let-
7c miRNAs and then subjected them to apoptosis analysis and a
cell viability assay. There was no significant difference in cas-
pase-3/7 activation or cell viability between let-7c miRNA-trans-
fected Huh7 cells and control miRNA-transfected Huh7 cells
(represented by the DMSO-treated group of Fig. 5A and B). These
results are in agreement with our previous finding that anti-sense
oligonucleotide-mediated knockdown of Bcl-xL sensitised hepa-
toma cells to apoptotic stimuli, such as serum starvation and
P53 activation, but did not induce apoptosis by itself [13]. Next,
we exposed miRNA-transfected Huh7 cells to staurosporine,
which is a well-established apoptosis inducer. Staurosporine
treatment induced apoptosis, as determined by caspase-3/7 acti-
vation and decreased the viability of Huh7 cells by itself, but let-
7c miRNA-transfected Huh7 cells were more susceptible to
staurosporine treatment than control miRNA-transfected cells.
let-7c miRNA-transfected Huh7 cells showed a significant
decrease in cell viability, even upon exposure to low-dose of
staurosporine at which control miRNA-transfected Huh7 did
not show a significant difference in cell viability (Fig. 5B). In addi-
tion, the activation of caspase-3/7 was more intense in let-7c
miRNA-transfected Huh7 cells than in control miRNA-transfected
Huh?7 cells (Fig. 5A). Thus, suppression of let-7 expression leading
to over-expression of Bcl-xL, may be a mechanism by which hep-
atoma cells resist apoptotic stimuli. While normal hepatocytes
were more sensitive to staurosporine than hepatoma cells, trans-
fection of let-7 miRNA did not affect sensitivity to staurosporine
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affect Bcl-xL expression (Fig. 5E). In contrast, sorafenib treatment
did not affect Mcl-1 expression in normal hepatocytes (Suppl.
Fig. 3). We hypothesised that let-7 miRNA targeting Bcl-xL may
induce apoptosis of cells in cooperation with

Apoptosis determined by Annexin V staining did not increase in
let-7c miRNA-treated Huh7 cells compared to control miRNA-
treated cells (represented by the DMSO-treated group in Fig. 5C).
Sorafenib treatment of Huh7 cells led to a slight increase in the
annexin V-positive cell rate, although the difference did not reach
statistical significance levels under our experimental conditions
(Fig. 5C). Of importance is the finding that sorafenib-induced
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Fig. 5. Introduction of let-7 miRNAs sensitises hepatoma cells to apoptotic
stimuli. (A and B) Response to staurosporine treatment. Huh7 cells were
transfected with let-7c (grey bars) or control miRNA (white bars) for 48 h and
then further treated with staurosporine or DMSO alone for 12 h. The activities of
caspase-3 and -7 were determined by luminescent substrate assays for caspase-3
and -7 (n=4) (A). Cell viability was determined by the WST assay (n=4) (B).
*p < 0.05. (C and D) Response to sorafenib treatment. Huh7 cells were transfected
with let-7c or control miRNA for 48 h and then further treated with sorafenib
(5 uM) or DMSO alone for 48 h (C) or 72 h (D) 7-AAD negative cells were gated
and the positive cell rate for annexin V-PE was determined (n=4) (C). Cell
viability was determined by the WST assay (n =4) (D). *p <0.05. E. Western blot
analysis for Bcl-2 family proteins in lysates of Huh7 cells treated with sorafenib.

in normal hepatocytes (Suppl. Fig. 2), which is in agreement with
the modest decline of Bcl-xL expression described earlier.

To examine the impact of let-7 family miRNAs as a therapeutic
tool, we investigated the effect of let-7 miRNAs on apoptosis
resistance to sorafenib, a recently approved anti-cancer drug for
HCC. It has been reported that sorafenib was capable of downreg-
ulating Mcl-1 expression in tumour cells [24], and HCC has been
reported to over-express Mcl-1, which is another anti-apoptotic
Bcl-2 protein capable of conferring resistance to apoptosis [24-
27]. In agreement with these findings, sorafenib treatment clearly
downregulated Mcl-1 expression in h cells, but did not

p was markedly enhanced in let-7c miRNA-transfected
cells In addition, sorafenib treatment significantly reduced the
viability of Huh7 cells and this decrease was markedly enhanced
in cells transfected with let-7c miRNA (Fig. 5D). This finding
implies that let-7 miRNA transfection potentiates sorafenib-
induced apoptosis and toxicity in hepatoma cells.

Discussion

Anti-apoptotic members of the Bcl-2 family, which consists of
five members, Bcl-2, Bcl-xL, Mcl-1, Bcl-w, and Bfl-1, are critically
involved in the mitochondrial pathway of apoptosis [28]. Cancer
cells frequently over-express one or more members of this family
to acquire a survival advantage [29]. These proteins are over-
expressed in a variety of ways, including genetic translocation,
particularly in the case of Bcl-2, and transcriptional regulation.
Unlike the case of the bcl-2 gene, mutations or amplification of
the bcl-x gene have not been demonstrated in tumour cells. With
regard to miRNA regulation, previous research clearly demon-
strated that Bcl-2 is a direct target of miR-15 and miR-16. The
expression levels of miR-15 and miR-16 inversely correlate with
Bcl-2 expression in chronic lymphocytic leukaemia [30]. More
recently, Mcl-1 was reported to be suppressed by miR-29 [31].
Our present study is the first d ration of miRNA-mediated
regulation of Bcl-xL expression. Since Bcl-xL is over-expressed
not only in HCC but also in other tumours, the present ﬁndmgs
may shed light on the mechani: of Bcl-xL in
other malignancies.

While more than 500 human miRNAs have been identified,
let-7 is a prototype of human miRNA and was first identified in
2001 [32]. let-7 miRNAs are downregulated in several mali
cies. A highly characterised example is non-small cell lung cancer
in which downregulation of let-7 miRNAs is well correlated with
poor prognosis in patients [33]. In HCC, some reports showed
downregulation of let-7, while others did not [7]. In the present
study, let-7c miRNA was under-expressed at less than 40% of
the normal level in approximately half of the HCC tissues. Further
study is needed to determine the clinical significance of let-7
miRNA in HCC. Several target genes have been identified for let-
7 miRNA, including Ras [34], Myc [35], HMGA2 [36], CDC25A,
and CDK6 [37]. The major function of this miRNA is to promote
cell proliferation. Since these proteins could act as oncogenes in
tumour cells, let-7 miRNA is believed to serve as a tumour sup-
pressor [38]. In the present study, we have demonstrated that
bel-xl is a direct target for let-7 miRNA, implying that this well-
known tumour suppressor miRNA directly regulates apoptosis,
another important process in malignancy.

Sorafenib is a recent FDA-approved anti-cancer drug for HCC
[21]. It functions as a multi-kinase inhibitor and can induce
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apoptosis at least in part by downregulating Mcl-1 in tumour
cells [24). Like Bcl-xL, several reports have identified Mcl-1 as
being over-expressed in some HCCs [25-27]. Since Bcl-xL and
Mcl-1 share a similar structure and functions, we reasoned that
downregulation of both proteins would efficiently kill hepatoma
cells. To verify this hypothesis, we treated hepatoma cells with
sorafenib and let-7 miRNA. As expected, sorafenib treatment
dowr lated Mcl-1 exp as early as 2 h post-treatment;
however, it did not efficiently induce apoptosis. Transfection of
let-7 miRNA itself was not capable of inducing apoptosis of hep-
atoma cells despite a clear reduction in Bcl-xL expression. Impor-
tantly, let-7 miRNA substantially increased sensitivity to
sorafenib. Since both let-7 miRNA and sorafenib may have pleio-
tropic effects on gene expression and cellular processes, down-
regulation of Bcl-xL and Mcl-1 may not be a single mechanism
for killing hepatoma cells. However, our study revealed that
Bcl-xL-targeting miRNA, let-7, controls resistance of hepatoma
cells to this novel class of anti-HCC drug.

In conclusion, we have demonstrated that let-7 miRNA nega-
tively regulates Bcl-xL expression in HCCs. Reconstitution of let-
7 miRNA may reduce apoptosis resistance to anti-cancer drugs
targeting Mcl-1 in HCC. Further study is needed to examine the
significance of let-7 miRNA expression for predicting responses
to sorafenib therapy in patients with HCC.
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ABSTRACT

Background. Transglutaminase 2 (TGM2) plays a role in
cell growth and survival through the antiapoptosis signal-
ing pathway.

Methods. We analyzed TGM2 gene expression in 91 paired
cases of colorectal cancer (CRC) and noncancerous regions
and seven CRC cell lines to demonstrate the importance of
TGM?2 expression for the prediction of prognosis of CRC.
TGM?2 expression was higher in CRC tissue than in corre-
sponding normal tissue by real-time reverse transcriptase—
polymerase chain reaction (P = .015).

Results. Patients in the high TGM2 expression group
showed a poorer overall survival rate than those in the low
expression group (P = .001), indicating that the increase in
TGM?2 expression was an independent prognostic factor.
TGM?2 was also expressed in the seven CRC cell lines. The
in vitro proliferation assay showed that 7GM2 expression is
involved with tumor growth.

Conclusions. The present study suggests that TGM2 is
useful as a predictive marker for patient prognosis and may
be a novel therapeutic target for CRC.

Cancer is a major public health problem in developed
countries, while the incidence of colorectal cancer (CRC)
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has greatly increased in Japan in recent years as a result of
lifestyle changes.! CRC is now one of the most important
causes of death from neoplastic disease in Japan.' There-
fore, identification of the genes responsible for the
development and progression of CRC and understanding
the clinical significance are critical for the diagnosis and
adequate treatment of the disease.

Transglutaminase 2, TGM2, is a family of enzymes that
catalyzes the formation of an amide bond between the y-
carboxamide groups of peptide-bound glutamine residues
and the primary amino groups in various compounds.>
Several studies have reported that that increased expression
of TGM2 indicates prolonged cell survival and the pre-
vention of apoptosis.*”

We analyzed TGM2 in seven human gastrointestinal
cancer cell lines and 91 paired cases of CRC and non-
cancerous regions to identify the importance of TGM2
expression for prognosis and to suggest that it be a can-
didate novel marker for the prognosis with functional
relevance in CRCs.

MATERIALS AND METHODS
Clinical Tissue Samples

From 1992 to 2002, 91 patients (62 men, 29 women)
with CRC underwent surgery at the Medical Institute of
Bioregulation at Kyusyu University. Primary CRC speci-
mens and adjacent normal colorectal mucosa were obtained
from patients after receiving informed consent in accor-
dance with the institutional guidelines. Every patient was
definitively identified with CRC on the basis of clinico-
pathological findings. Tissues were extracted immediately
after surgical resections. The specimens were immediately
fixed in formalin, processed through graded ethanol,
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embedded in paraffin, and sectioned with hematoxylin and
eosin stain and elastica van Gieson stain, and the degree of
the histological differentiation, lymphatic invasion, and
venous invasion was examined. All specimens were frozen
in liquid nitrogen immediately after resection and stored at
—80°C until RNA extractions were performed.

None of the patients received chemotherapy or radio-
therapy before surgery. After the surgery, the patients were
followed up with a blood examination that included the
tumor markers carcinoembryonic antigen and cancer anti-
gen, and imaging modalities such as abdominal ultrasound,
computed tomography, and chest x-ray every 3 to 6 months.
Clinicopathological factors were assessed according to the
criteria of the tumor node metastasis classification of the
International Union Against Cancer.'®

Cell Lines and Culture

Seven cell lines derived from human CRC (Caco2, DLD-
1, HCT116, HT-29, KM12SM, LoVo, and SW480) were
obtained and maintained in Dulbecco modified Eagle med-
ium containing 10% fetal bovine serum and antibiotics at
37°C in a 5% humidified CO, atmosphere. For the siRNA
knockdown experiment, double-stranded RNA duplexes
targeting human TGM2 (5-UAGGAUCCCAUCUUCAA
ACUGCCCA-3'/5'-UGGGCAGUUUGAAGAUGGGAUC
CUA-3/, 5'-AUCCCAUUGUAGCUGACGGUGCGGG-3"/
5'-CCCGCACCGUGAGCUACAAUGGGAU-3, and 5-UG
UAGUUGGUCACGACGCGGGUAGG-3'/5'-CCUACCCG
CGUCGUGACCAACUACA-3') were purchased (Stealth
RNAI) from Invitrogen (Carlsbad, CA). Negative control
siRNA (NC) was also purchased from Invitrogen. CRC cell
lines were transfected with siRNA at a concentration of
20 pmol/L with lipofectamine (RNAIMAX, Invitrogen),
incubated in glucose-free Opti-MEM (Invitrogen) for the
time indicated, and analyzed by the proliferation assay. All
siRNA duplexes were used together as a triple transfection.
siRNA knockdowns were performed in seven CRC cell lines
to evaluate proliferation under TGM2 suppression. Each cell
line with siRNA was compared with the negative control.
The values are presented as mean =+ standard deviation (SD)
from independent experiments conducted in triplicate.

RNA Preparation and Quantitative Real-Time Reverse
Transcriptase-Polymerase Chain Reaction

Total RNA was prepared by using a modified acid guani-
dium-phenol-chloroform procedure with DNase.!! Reverse
transcription was performed from 2.5 pg of total RNA as
previously described.!” A 143-bp 7GM2 fragment was
amplified. Two human TGM2 oligonucleotide primers for the
polymerase chain reaction (PCR) reaction were designed as

follows: 5'-ATAAGTTAGCGCCGCTCTCC-3' (forward);
5'-CCAGCTCCAGATCACACCTC-3' (reverse). The for-
ward primer is located in exon 1 and the reverse primer in exon
2. The PCR assay with primers specific to the glycer-
aladehyde-3-phosphate dehydrogenase (GAPDH) gene was
performed to evaluate expression. The GAPDH primers, 5'-
TTGGTATCGTGGAAGGACTCA-3' (forward) and 5'-
TGTCATCATATTGGCAGGTT-3' (reverse), produced a
270-bp amplicon. cDNA from the Human Reference Total
RNA (Clontech, Palo Alto, CA) was studied concurrently as a
positive control. Real-time monitoring of the PCRs was per-
formed with the LightCycler FastStart DNA Master SYBR
Green I kit (Roche Diagnostics, Tokyo, Japan) for cDNA
amplification of TGM2 and GAPDH. The amplification pro-
tocol consisted of 35 cycles of denaturation at 95°C for
10 seconds, annealing at 60°C for 10 seconds, and elongation
at 72°C for 10 seconds. The products were then subjected to a
temperature gradient from 55°C to 95°C at 0.1°C per second
with continuous fluorescence monitoring to produce product
melting curves. The expression ratio of mRNA copies in
tumor and normal tissues was calculated and normalized
against GAPDH mRNA expression.

Proliferation Assays

In CRC cell lines transfected with siRNA, 1 x 10° cells
were seeded in 12-well dishes and cultured for 96 hours to
determine proliferation. The cell growth rate was measured by
counting cells with a CellTac kit (Nihon Koden, Tokyo, Japan).

Statistical Analysis

Continuous variable data were expressed as mean =+
SD. The relationship between mRNA expression and
clinicopathological factors were analyzed by the #? test and
Student’s #-test. Kaplan-Meier survival curves were plotted
and compared with the generalized log rank test. Univari-
ate and multivariate analyses to identify prognostic factors
for overall survival were performed by the Cox propor-
tional hazard regression model. All tests were analyzed by
JMP software (SAS Institute, Cary, NC). P values of <.05
were considered statistically significant.

RESULTS
TGM2 mRNA Expression in Clinical Tissue Specimens

Reverse transcriptase—polymerase chain reaction (RT-
PCR) of 91 paired clinical samples showed that 65 (71.4%)
of the 91 cases exhibited higher levels of TGM2 mRNA in
tumors than paired normal tissues (Fig. 1). The mean
TGM2 mRNA expression value in tumor tissues was
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significantly higher than that for corresponding normal
tissues (P = .015; Student’s r-test).

TABLE 1 Clinicopathological factors and TGM2 mRNA expression
in 91 colorectal cancers

Factor High expression Low expression P value
TGM2 Expression and Clinicopathological (n = 46) (n = 45)
Characteristics Age )
The experimental samples were divided into two groups <68 5 (543%) 17G78% 112
according to expression status for the clinicopathological =68 21 @5.7%) 8 (622%)
evaluation. Patients with tumors that had more than the %
median TGM2/GAPDH expression (median .329) were Male 31 (674%) 31 (689%) 878
assigned to the high expression group (n = 46); the others . 15 (32.6%) 14 GL1%) '
were assigned to the low expression group (n =45, Hustological grade
Table 1). The number of cases that were based on histolog- Wel/Mod 41 (89.1%) 43 (95.6%) 242
ical grade was 37, 47, 4, and 3 in the well, moderate, poor, ~ Othe™ 5 (109%) 2 (44%)
and mucinous adenocarcinoma categories, respectively. ~ 1mOr type
TGM2 expression was correlated with tumor type (P = 02 0-2 3 (6.5%) 14 BL1%) -002*
.002), tumor invasion (P < .001), lymph node metastasis 34 3-4 43 (93.5%) 31 (68.9%)
(P = .041), lymphatic invasion (P = .010), metastasis  Tumor size
(P = .040), and International Union Against Cancer stage <30 mm 39 (84.8%) 35 (77.8%) 391
(P < .001). >30 mm 7 (15.2%) 10 (22.2%)
Tumor invasion
Relationship Between TGM2 Expression and Prognosis Tis 0 (0%) 5 (11.1%) <.001*
T1 2 (4.3%) 6 (13.3%)
Postoperative overall survival rate was statistically sig- T2 3 (6.5%) 12 (26.7%)
nificantly lower in patients with increased 7TGM2 T3 28 (60.9%) 18 (40.0%)
expression (Fig. 2). The median follow-up was 4.12 years. T4 13 (28.3%) 4 (8.9%)
Table 2 provides the univariate and multivariate analyses ~ Lymph node metastasis
of factors related to patient prognosis. Univariate analysis NO 22 (47.8%) 31 (68.9%) 041
showed that histological grade (P = .040), tumor type NI1-2 24 (52.2%) 14 (31.1%)
(P =.003), tumor size (P = .004), tumor invasion  Lymphatic invasion
Absent 24 (52.2%) 35 (77.8%) .010*
TGM2 Mrna Present 22 478%) 10 (222%)
Expressiom Venous invasion
28 . Absent 38 (82.6%) 40 (88.9%) 392
Present 8 (17.4%) 5 (11.1%)
2é s T T T ; B Metastasis
: Mo 29 (63.0%) 37 (82.2%) .040%
/A R M1 17 (37.0%) 8 (17.8%)
: i UICC stage
2 e 0 0 (0%) 5(11.1%) <.001*
_ e 1 5 (10.9%) 12 (26.7%)
50 A 11 (23.9%) 11 (24.4%)
1B 2 (4.3%) 1 (2.2%)
Normal “Tumor A 0 (0%) 5(11.1%)
1B 8 (17.4%) 3 (6.7%)
FIG. 1 Trz‘msglulanunase 2 (TGA'{Z')‘ mRNA exprcss:on in cllmcal TIC 3 (6.5%) 0 (0%)
::aese ::hmn reaction of 91 v;al.red cllmc:lev:ernsneples showed that 65 v 17 (37.0%) 8 (17.8%)
(71.4%) of the 91 cases exhibited higher levels of 7GM2 mRNA in Wel well dif iated ad i mod mod ly di
tumors than in paired normal tissues. The mean TGM2 mRNA  ated adenocarcinoma, others poorly d:ffaenuated adenocarcinoma
expression in tumor tissues (normalized by GAPDH gene expression) and i UICC 1 ional Union Against Cancer

was significantly higher than that of the corresponding normal tissues
(P = .015; Student’s t-test)

* Statistically significant
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40 ' = Tow expression (n = 45)
High expression (n = 46)

FIG. 2 Overall survival curves of colorectal cancer patients based on
TGM2 mRNA expression status. The postoperative overall survival
rate was significantly lower among patients in the high 7TGM2
expression group (P = .001, log rank test) than the low expression
group. The median follow-up was 4.12 years

(P < .001), lymph node metastasis (P < .001), lymphatic
invasion (P = .006), venous invasion (P = .001), and
TGM2 mRNA expression (P = .003) were significantly
related to overall survival. Multivariate analysis indicated
that inclusion in the TGM2 mRNA high expression group
(relative risk, 2.40; 95% confidence interval, 1.03-6.11;
P = .041) was an independent predictor of postoperative
overall survival, as was metastasis (M1/MO, relative risk,
5.86; 95% confidence interval, 2.49-15.12; P < .001).

In Vitro Assessment of TGM2 Expression Knockdown

Seven CRC cell lines were used for the proliferation
study because TGM2 expression was higher than the

median value of GAPDH in the primary CRC specimen by
RT-PCR. A reduction in TGM2 by siRNA was observed by
quantitative real-time RT-PCR in all the cell lines exam-
ined (negative control [NC] and TGM2 siRNAs; P < .05,
Student’s r-test). A reduction in TGM2 expression was
confirmed in the HT-29, HCT116, KM12SM, and LoVo
cell lines (Suppl. Fig. S1). In proliferation assay, there were
differences in cell numbers of HT-29 between NC and
TGM2 siRNA (P < .05) (Fig. 3). There was no statistically
significant difference in the number between the NC and
TGM?2 siRNA in the other cell lines. '

DISCUSSION

Previous reports showed that TGM2, also known as
TG2, is expressed in breast and pancreatic cancer cells and
is associated with drug resistance and metastasis.*"'6
TGM2 promotes a stable interaction with extracellular
matrix protein components in association with some f
members of the integrin family of proteins, which induce
cell survival signaling pathways.'” Other reports suggest
that TGM2 regulates activation of NF-xB by forming a
ternary complex with NF-xB/IkBa, and inhibition of
apoptosis through transamidation and GTP-binding
activity, #*8

Seven distinct transglutaminases have been descri-
bed.'®*> TGM2 is ubiquitously expressed as a single/
polypeptide protein that exhibits Ca**-dependent protein
cross-linking activity.*

We assessed TGM2 gene expression and found that it
was a statistically significant independent prognostic fac-
tor, similar to the well-known important predictive factor.”*
To our knowledge, the present study is the first report

TABLE 2 Univariate and multivariate analyses for overall survival (Cox proportional hazard regression model)

Factor Univariate analysis Multivariate analysis

RR 95% CI P value RR 95% CI P value
Age (y), <68/>68 1.47 0.70-3.11 298
Sex, male/female 1.40 0.64-3.38 401
Histological grade, p hers/well-mod 3.66 1.06-9.64 .040*% 2.52 0.68-7.45 148
‘Tumor type, 3-4/0-2 8.27 1.76-147.44 .003* 1.80 0.22-40.49 615
Tumor size, >30 cm/<30 cm 282 1.30-11.91 .004* 1.26 0.45-6.02 697
Tumor invasion, T3-4/Tis-2 7.60 2.27-47.16 <.001* 1.13 0.36-2.68 .802
Lymph node metastasis, N1-2/NO 542 243-13.74 <.001* 2.06 0.83-5.74 119
Lymphatic invasion, p; 2.80 1.34-5.89 .006* 132 0.53-3.22 532
Venous invasion, present/absent 4.20 1.81-9.03 .001* 2.24 0.85-5.80 .099
Metastasis, M1/MO 8.93 4.14-20.84 <.001* 5.86 2.49-15.12 <.001*
TGM2 mRNA expression, >median/median> 3.08 1.43-7.18 .003* 240 1.03-6.11 .041*
RR relative risk, 95% CI 95% confid interva, wel well-diff d mod mod ly di iated ad por
poorly differentiated adenocarcinoma, others poorly di and i

* Statistically significant
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a
Cell Counts (x10°)
40

.' N

TGM2 siRNA

p<0.05*

" TGM2 siRNA

FIG. 3 Proliferation assay and siRNA inhibition in 4 colorectal
cancer cell lines. The proliferation assay showed a difference in
growth of colorectal cancer cell line HT-29. There were si;

b
Cell Counts (x10) _ .
o p<0.05%

30

20

NC siRNA " TGM2SiRNA

d
Cell Counts (x109) . S
0 p <0.05*

30

20

NC SiRNA TGM2 siRNA

there was no significant difference between NC and TGM2 siRNA (a
HT-29; b HCT116; ¢ KM12SM; d LoVo). Values are mean + SD for

differences between NC and TGM2 siRNA. In the other 3 cell lines,

showing that TGM2 is upregulated in CRCs, suggesting
that it could be a novel predictive marker for the prognosis
of CRCs that may contribute to further clinical cancer
diagnosis.

Recently, the necessity of intensive follow-up and
adjuvant therapy for CRC has been proposed to predict
recurrence and metastasis in curative surgical resected
cases.”> " In addition, there have been many recent reports
on the use of less invasive surgery for CRC such as lapa-
roscopic and endoscopic surgery.ls"“ For these cases, a
predictive marker of tumor invasion, lymph node metas-
tasis, and distant metastasis would play a very important
role in cancer diagnoses and treatments, especially as a
novel marker independent from the traditional tumor, node,
metastasis factors. Thus, the TGM2 expression profile
could contribute to the predictive diagnosis of CRCs.

TGM2 plays an important role in antiapoptotic signaling
pathways and several cancer cell lines that exhibit high
TGM2 expression levels and have been selected for resis-
tance to chemotherapeutic drugs.'”**** Downregulation of

three indq d peri WT, wild type; NC, negative control

TGM?2 expression by siRNA rendered the cancer cells
sensitive to chemotherapeutic drugs.'”

The present in vitro study showed that TGM2 expression
is associated with tumor growth, and the inhibition of
TGM?2 may lead to a reduction in CRC proliferation. TGM2
is expressed in several cancers.'*™'® Our results suggest a
rationale for further study of TGM2 as a possible novel
target for clinical cancer therapy such as anticancer agents
and the sensitizer in addition to the novel marker of
prognosis and prediction about the susceptibility of anti-
cancer agents.
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ABSTRACT

Background. Expression of the mesenchymal marker
gene vimentin (VIM) in gastric cancer is associated with a
more aggressive form of the disease and poor prognosis.
Because epithelial mesenchymal transition (EMT) plays a
critical role in the progression of gastric cancer, VIM
expression was examined in the bone marrow (BM) of
gastric cancer patients.

Methods. BM samples from 437 gastric cancer patients
were collected and analyzed by quantitative RT-PCR.
Expression of VIM protein in the primary lesions of
resected gastric cancers was evaluated using immunohis-
tochemistry. Furthermore, induction of VIM expression by
TGF-p1 and hypoxia was evaluated in gastric cancer cells.
Results. VIM mRNA expression increased concordantly
with clinical staging and was significantly associated with
tumor invasion and lymph node metastasis (P < .0001).
Though cancer cells in the primary lesions did not stain
with VIM antibody, some of the cells invading the intra-
tumoral vessels were strongly positive for VIM, but were
negative for E-cadherin. Hypoxic conditions and treatment
with TGF-p1 induced VIM expression and repressed E-
cadherin in gastric cancer cells, coupled with an alteration
of cellular morphology.

El ial The online version of this
article (don 10. 1245/510434—010 1041-0) contains supplementary
material, which is available to authorized users.
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Conclusions. We found that gastric cancer cells undergo
EMT in BM to survive and metastasize. These findings
suggest that isolated tumor cells have the potential to
undergo EMT, which could increase the malignancy of
gastric cancer.

Vimentin (VIM) expression has been reported in a
variety of carcinomas, such as kidney, breast, lung, and
thyroid.'™ Utsunomiya et al.® reported the significance of
VIM expression in solid, poorly differentiated gastric
adenocarcinomas, showing that the prognosis of VIM-
expressing cases was poorer compared with that of VIM-
negative cases. VIM is the predominant intermediate fila-
ment protein in mesenchymal cells and is not usually
expressed by epithelial cells. Several previous studies
indicate that VIM expression induces invasive behavior in
human epithelial carcinoma cell lines.*®

Recently, attention has focused on the role of EMT in
cancer progression.” During epithelial mesenchymal tran-
sition (EMT), epithelial cell-cell adhesion is decreased by
the downregulation of adhesion molecules such as E-cad-
herin, and cell morphology becomes fibroblastlike with
upregulation of VIM.'> EMT promotes cellular motility,
invasiveness, and cytoskeletal rearrangement in a range of
cancer cell lines.'! Furthermore, several studies revealed
that transcriptional repressors of E-cadherin such as zinc
finger proteins (ZEB1, ZEB2), bHLH protein (twist), and
the snail family of zinc finger protein (snail, slug) are
associated with EMT.'?'® Thus, they are useful markers to
predict prognosis in various human carcinomas.'”™° In
addition, Kim et al.” demonstrated that the expression of
EMT-related genes such as E-cadherin, vimentin, N-cad-
herin, and snail were associated with poor prognosis in
gastric cancer.



