Nakamura ef al

J} Immunother-= Volume 37, Number 2, February/March 2014

%) ** 9=0,00047
°] * p=0,0060 !
2 =
b4 . S L
E p=0.053 - TGFBI SLN  TGFp1 non SLN
£ 5] e
E g N R c ‘
—t H
£ Ef‘u;
py o
0 T ;
O
& 7 Mock SLN Mock non SLN
TGFp1 TGFR1 Mock Mock FITC-CD11b
SLN non SLN SLN non SLN . e
B
30 - +p=0.008
2
o
(4] .
g . p=0. 32 )
of .
s = *p=0. 013 8
58 r— 5
o T R
g  Mock SLN
FITC-CD8
TGFg1 TGFp1 Mock Mock !
SLN non SLN SLN non SLN o . N
N iso TGFB1SLN  TGF@1 non SLN
S “a e - -
Q
P~
o)
[&]
w :
Iy 13
" Mock SLN' Méé?ﬁoh SLN
PE-Foxp3

FIGURE 4, Tumor-derived TGF-B1 induces MDSCs and CD4* Treég in SLNs. A and B, In the CT26-TGF-B1-bearing mice, the number of
MDSCs and the percentage of Tregs in CD4™ T cells in SLNs significantly increased compared with CT26- MOCK-bearmg mice, The
number of MDSCs in SLNs was alsa higher than that of non-SLNs of the CT26-TGF-$1-bearing mice. The numbers of MDSCs:and Tregs
in SLNs of CT26-MOCK-bearing mice were reduced compared with non-SLNs. The data are representative of 3 independent experi-
ments and shown as average+SD. Representative FACS dot plots are shown for each bar graph.

primary tumors (Figs. 44, B). The number of MDSCs in
SLNs was also higher than that of non-SL.Ns in the CT26-
TGF-fl-bearing mice, although significant increase of
Tregs was not observed in SLNs compared with non-SLNs,
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Tt is interesting to note that, the numbers of MDSCs and
Tregs in SLNs of the CT26-MOCK-bearing mice were
reduced along with increase of DCs compared with non-
SLNs {Figs. 4A, B, 5A), possibly suggesting inductions of
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TGF-B1 in the fmmunosuppressive Microenvironments

antitumor immune responses when TGF-Bl level was low
in tumor microenvironments in this relatively immunogenic
CT26 mouse model. These results indicate that the over-
production of TGF-BI by tumor cells in the tumor micro-
environments generates immunosuppressive condition in
SLNs through induction of immunosuppressive MDSCs
and Tregs.

Overproduction of TGF-§1 Led to Impairment
of DC Function in the SLNs

We then evaluated DCs in SLNs. The number of DCs
in SLNs was significantly higher than non-SLNs in both
CT26-TGF-B1 and CT26-MOCK-bearing mice (Fig. 5A).
There was no significant difference in the number of DCs in
SLNs between CT26-TGF-B1-bearing and CT26-MOCK-
bearing mice. The DCs in SLNs showed significantly higher
expression of CD80 compared with non-SLNs in CT26-
MOCK -bearing mice (Fig. 5B). These observations may
indicate the activation of DCs in SLNs particularly in
CT26-MOCK-bearing mice along with the decrease of
MIDSCs and Tregs as shown in Figs. 4A, B. In contrast, in
SLNs of CT26-TGF-$1-bearing mice, CD80 expression
was not increased, MHC class 11 expression was decreased,
and PD-L17CDllc* DCs were significantly higher
compared with non-SLNs (Figs. 5SB-Dj}. Decrease of CD80
in DCs and increase of PD-L1 © DCs were also observed in
SLNs of CT26-TGF-B1-bearing mice compared with CT26-
MOCK -bearing mice {Figs. 5B, D).

To evaluate functional difference of DCs in SI.Ns
between CT26-TGF-Bl-bearing mice and CT26-MOCK-
bearing mice, the production of TNF-¢ by LPS-stimulated
DCs and T-cell stimulatory activity of DCs in the presence
of anti-CD3 mAb (MLR assay) were analyzed. TNF-o
production ability and T-cell stimulatory activity of DCs in
SLNs of CT26-TGF-Bl-bearing mice was significantly
decreased compared with DCs in SLNs of CT26-MOCK-
bearing mice (Figs. 6A, B). It is interesting to note that,
T-cell stimulatory activity of DCs of SLNs from the CT26-
MOCK-bearing mice was significantly increased compared
with the non-SLNs, suggesting the induction of antitumor
immune responses as previously discussed with the obser-
vation of decrease of MDSCs and Tregs and increase of
high MHC class IT and CD80-expressing DCs (Figs. 4, 5).
These results indicate that the tumor cell-derived TGF-p1
in the tumor microenvironments also induce immunosup-
pressive conditions in SLNs through the impairment of
DCs and increase of MDSCs and Tregs.

Suppression of Tumor Antigen-specific CTL
Induction in SLNs of TGF-f1-producing Tumors
Lastly, in vivo induction of tumor antigen-specific T
cells from SLNs of CT26-TGF-Bl-bearing and CT26-
MOCK-bearing mice was evaluated. Six days after the
tumor implantation, streptococcal preparation of OK432
which stimulates various TLRs was injected intratumoraily,
and 8 days later, cells from SLNs and non-SLNs of the
CT26-TGF-Bl-bearing and CT26-MOCK-bearing mice
were stimulated in vitro with an immunodominant C126
T-cell epitope peptide AH-1 for 8 days, and then induction
of AH-1-specific T cells was evaluated by IFN-y release
assay. Although strong IFN-y rclease was detecied in the
SLNs of CT26-MOCK-bearing mice compared with the
non-SLNs, AH-l-specific T-cell response was almost
undetectable in either SLNs or non-SLNs of CT26-TGF-
Bi-bearing mice (Fig. 6C). Therefore, induction of tumor
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antigen—specific CTLs seems to be inhibited in SLNs by
immunosuppressive conditions caused by the TGF-B1
overexpression in fumor tissues.

DISCUSSION

In addition to systemic inununosuppression occurring
at late stage of cancer patients, local immunosuppression it
tumor-associated microenvironments including the tumor
tissues and SLNs are critical for cancer progression. In this
CT26 mouse tumor model, we were able to recapitulate the
immunologic phenomena observed in the tumors and SLNs
of cancer patients. Patients with high Treg accumulation in
the SLNs showed poorer prognosis than those with low
Treg accumulation in various cancers.®'%!5'7 Tumor
microenvironments are generally thought to be immuno-
suppressive through relative increase of Tregs, MDSCs, and
M2 macrophages, and impairment of DC function. Here,
we demonstrated that overproduction of TGF-B1 in tumor
microenvironments promoted those immunosuppressive
changes observed in cancer patients. The TGF-B1 over-
expression in tumor microenvironments abrogated the
possible spontancous immune responses such as increased
T-cell stimulatory activity of DCs along with high CD80
expression and decreased MDSCs and Tregs population in
the SLNs. Infiltration of memory CD8™* T cells in the
tumors has recently been reported to correlate with good
prognoses in various cancers.!” The spontaneous CD8 *
T-cell response may also correlate with clinical responses to
immunotherapy and chemotherapy.* Our study suggests
that the elevation of immunosuppressive cytokines such as
TGF-$1 in tumor microenviropments could be one of the
mechanisms for Immunosuppression in the SLNs and
subsequent reduction of spomtaneous CD8%  T-cell
responses among cancer patients, which are possibly asso-
ciated with cancer patient’s prognosis.

It has been reported in cancer patients that SLNs with
no melastasis showed decreased number of DCs and
downregulation of their HLA class {I and costimulatory
molecules.”’520 In contrast, some studies showed increase
of CD83* -matured DCs in tumor-free SLNs compared
with tumor-metastasized SLNs.2! In our relatively immu-
nogenic CT26 mouse tumor model, increase of DCs in
tumor-free SLNs was observed in both CT26-MOCK-
bearing and CT26-TGF-B1-bearing mice, suggesting that
TGF-B1 had minimal effects on accumulation of DCs in the
SLNs.

The differences of MDSCs in tumor-free SLNs and
non-SLNs have not been investigated in patients with
cancer.?? In this study, we demonstrated that TGF-81 in
turmor microenvironments increased MDSC population in
tumor-free SLNs. Although TGF-$1 has been reported to
be one of the factors regulating MDSC activation,?* it
may not be directly involved in the recruitment of MDSCs
into the SLNs. MDSC recruilments may be indirectly
enhanced through chemokines such as CCL2 produced by
TGF-$1-stimulated cells in the tumors or SLNs.

There have been several reports describing the rela-
tionship between TGF-B1 and immunologic condition of
SLNs. Liu et al?® reported that vaccination with TGF-$1
knock-out tumor cells induced better antitumor mmune
responses in SLNs and spleens, leading to improved anti-
tumor effects, although they did not evaluate various
immunosuppressive cells including MDSCs and DCs. Imai
et al®® reported that the migration of intratumorally
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FIGURE 5. Tumbor-derived TGF-J1 induces the i lmmunosuppresswe microenvironments in SLNs by inducing DCs with low CD80 and
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LT* cells in DCs (D) in SLNs or nori-SLNs of CT26-TGF-f1-bearing mice of CT26-MOCK-bearing mice are shown, The data are
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each bar graph

injected DCs into the SLNs was rcduced i mice implanted
with TGE-Bl-overexpressirig tumors. Fujita et al?? shiowed
that the administration of plasmid DNA encoding TGF-§
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type-I1 receptor near tumor sités resulted in activation of
tumor antigen—specific T cells and decreased Treg numbers
in SLNs, Ito et all® showed increased DC apoptosis and
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decrease of DC numbeérs in nonmetastasized SLNs of
patients with non-small cell lTung cancer by immmunohis-
tochemical and flow cytometric analysis, Gorelik et al?®
reporied that TGF-fB signaling in T cells inhibited Thl
differentiation and had negative cffects on antitumor
immune responses,” Immune suppressive effects of TGF-
B1 in SLNs observed in owr experiments might be partly
due to the direct effects on T cells. These previous reports
demonstrated various immunosuppressive roles of TGF-B1
in-antitumor immune responses. These observations are in
accord with the results of our study. However, we showed
in this study a more comprchensive and simultaneous
analysis of multiple immunologic changes including DCs,
Tregs, MDSCs, and CD8 ' T cells, triggered by tumor-

© 2014 Lippincott Williams & Wilkins

driven TGF-B1 in the microenvironments of both
tumors and nonmetastasized SLNs, leading to betier
understanding of the role of TGF-B! in the immunopa-
thology of cancer, which may partially explain the differ-
ence of CD8 ™ T-cell infiltration in tumors observed in
various cancer patients.

Our study demonstrates that overexpression of TGF-
$1 in tumor microenvironments drives immunosuppressive
conditions in tumors and SLNs as observed in patients with
various cancers. The TGF-81 level in tumor micro-
environments may determine the extent of spontaneous
CD8 ™ T-cell responses, which have been recently reported
to correlate ‘with good prognosis and response to various
cancer treatments, TGF-B1 may be useful as a biomarker to
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predict patients’ proguosis and clinical response to cancer
therapy. As TGF-81 is also involved in tumor progression
through various mechanisms including EMT induction,
together with the results of this study, TGF-B1 pathway
should be reemphasized as an attractive target for cancer
treatment.
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Continuous low-dose irradiation by I-125 seeds
induces apoptosis of gastric cancer cells regardless
of histological origin
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* The efficacy of conventional radiation therapy for gastric cancer is controversial. In this study, we evaluated the in
vitro and-in vivo effects of continuous low-dose-rate irradiation by 1-125 seeds on different histological types of gastric
cancer cell lines. Three human gastric cancer cell lines (MKN74, MKN45, and NUGC4) were treated with or without con-
tinuous low-dose irradiation by i-125 seeds in vitro and in vivo. Cell vrablllty, apoptosns, caspase-3 assay, and cell-cycle
distribution were examined in vitro. Body welght and tumor volumes of BALB/c nude mice bearing MKN74, MKN45 and
NUGC4 gastric cancer xenografts were measured, and in vivo cell prohferatlon and apoptosns assays were performed
by Ki67 and TUNEL staining, respectively. Continuous low-dose-rate irradiation by I-125 seeds reduced cell viability and
induced cell apoptosis through the activation of caspase-3, and led to the accumulation of cells in the G /M phase in vitro. -
it also suppressed the growth of gastric cancer xenografts in nude mice, while inhibiting cell prohferatron and induc-
ing apoptosis as demonstrated by Ki67 and TUNEL staining. Therefore, our data suggest that continuous low-dose-rate
trradlation by l 125 seeds could be a promising new option for gastric cancer treatment, regardless of histological origin.

Introduction

Gastric cancer is the fourth most frequent malignancy and the
second leading cause of cancer-related mortality in the world.!
Although the incidence of gastric cancer has been decreasing, it
remains a common malignancy worldwide, especially in Asia.>?
Endoscopic submucosal dissection has recently emerged as a com-
while surgi-
cal resection remains a standard therapeutic approach for early

mon treatment for early-stage IA gastric cancer,*

gastric cancer. However, for stages III and IV advanced gastric
cancers, surgical treatment alone is not regarded as the definitive
standard treatment. This is because the 5-y survival rates of stages
IIT and IV patients were reported to be less than 50% even when a
curative operation was performed.®” The high rate of relapse after
surgical treatment makes it important to consider adjuvant treat-
ment for patients with advanced gastric cancer. Several studies
of chemotherapy for advanced gastric cancer were reported, but
adjuvant chemotherapy has not resulted in higher survival rates
than surgical treatment alone. As a result, chemoradiotherapy is
being evaluated as an alternate treatment for gastric cancer.
Several studies, including the clinical trial INT0116,® have
reported that postoperative chemoradiotherapy could be a

*Correspondence to: Takanori Kanai; Email: takagast@z2.keio jp
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powerful treatment for controlling tumor progression in advanced
gastric cancer.”™ This led to the inclusion of radiotherapy as a
standard treatment for patients with a high risk of recurrence!>*4
in the National Comprehensive Cancer Network (NCCN)
guidelines on gastric cancer treatment. Therefore, in the USA
and Europe, postoperative chemoradiotherapy has becoming a
standard treatment for advanced gastric cancer. However, there
are some drawbacks of radiation therapy for gastric cancer. These
include the difficulty of establishing the area to irradiate because
of peristaltic movement, complications affecting the surrounding
organs, risk of perforation and ulceration by high-dose radiation,
and ineffectiveness against adenocarcinoma with low radio-
sensitivity. Therefore, in Japan, radiation therapy has not been
established as a standard treatment for advanced gastric cancer.
Indications for radiation therapy are limited, and it is performed
only as a palliative therapy.”>” Because of this, more effective and
safer therapeutic strategies for advanced or unresectable gastric
cancer are expected.

In recent years, I-125 seed implantation providing continu-
ous low-dose-rate irradiation has been widely used to treat pros-
tate cancer and other kinds of tumors in several Asian countries
because of little trauma, strong effect, and fewer complications, !
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Figure 1. Cell vnabx rty of the three gastr(c cancer cell lmes (MKN74 MKN45 and NUGC4) was assessed: cant (P < 0.05). These results suggest
following |ncubatlon for 96 h thh or without irradiation to mamtam ‘constant cell culture ccindmon,s?’ that continuous low-dose-rate irra-
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was performed and the activity of caspase—3 was increased S|gmf|cantly inall3 lrradtated gastnc cancer‘ tive G,/M phase

5 .
cell lines (P < 0,05) (C). Experimentswere performed at least 3 times.. : : 1125 seeds inhibited tumor

while in Japan, I-125 seed implantation therapy is provided only
for prostate cancer. In this study, we investigate the effect of con-
tinuous low-dose-rate irradiation by I-125 seeds on several types
of gastric cancer in vitro and in vivo to determine its potential as
a novel therapeutic strategy for advanced and unresectable gastric
cancer.

Results

1-125 seeds reduced cell viability and induced cell apoptosis
in vitro

To determine the direct effects of I-125 seeds in gastric cancer
cell lines, three gastric cancer cell lines (MKN74, MKN45, and
NUGC4) were assayed after treatment with (2-3 Gy) or without
(0 Gy, no seeds as a control) irradiation. Cell viability was signifi-
cantly lower than in the control group in each of the three gastric
cancer cell lines following irradiation (P < 0.05) (Fig. 1A). To
analyze the induction of apoptosis by irradiation, double stain-
ing of cells with annexin V-FITC and propidium iodide (PI)
was performed. Annexin V-positive/PI-negative cell staining was
considered to denote early apoptosis, while annexin V/PI-double-
positive cell staining was considered to denote late apoptosis
(Fig. 1B). Figure 1B shows the total apoptosis rate (annexin
V-positive rate) in all cell lines. The total apoptosis rate induced
by irradiation was significantly increased in each of the three gas-
tric cancer cell lines as compared with the control (P < 0.05).
Recent studies have identified caspases, including caspase-3, as
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growth of gastric cancer in vivo
Tumor xenografts consisting of
transplanted human gastric cancer cell lines MKN45 (derived
from poorly differentiated adenocarcinoma) or NUGC4 (derived
from signetring cell carcinoma) were used to evaluate the anti-
tumor effects of 1-125 seeds in vivo (Fig. 3A, data not shown
for NUGC4). When tumors of both cell lines reached around
400 mm? at day 28, cold and hot seeds were implanted. Tumors
which 1-125 seeds were implanted were smaller rather than cold
seeds or the control at day 52 (Fig. 3B). There were no signifi-
cant changes in tumor volumes during the first 2 weeks after
seed implantation, but after that, [-125 irradiated tumors were
significantly smaller than the non-irradiated tumors (P < 0.05)
(Fig. 3C). This indicated that I-125 seeds significantly inhibited
tumor growth during the 3- to 4-week treatment. As shown in
Figure 3D, the body weights of mice were not affected by the
I-125 irradiation. Besides, none of the mice died during the treat-
ment, and no obvious radiation-induced damage was observed in
vital organs (data not shown). These results underscore the safety
of I-125 seed treatment.
1-125 seeds inhibited cell proliferation and induced apopto-
sis in vivo
To quantitatively compare the proliferation and apoptotic
rates, MKN45 and NUGC4 xenograft tumor sections were taken
from mice in the control, cold seed, and I-125 seed implanted
groups, and immunostained for Ki67 and TUNEL. In addi-
tion, before immunostaining, cells were isolated as described,
stained with annexin V-FITC and PI, and analyzed using a
flow cytometer to clarify the induction of apoptosis. There were
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clearly fewer Ki67-positive cells
in the I-125 seed implanted group
than in the control and cold seed
implanted groups (Fig. 4A and B).
In contrast to the proliferation rate,
the average number of TUNEL-
positive apoptotic cells in the I-125
seed implanted group was signifi-
cantly increased compared with the
control and cold seed implanted
groups (P < 0.05). The apoptosis
rate (annexin V-positive staining
as determined by flow cytometry)
in the [-125 implanted group was
significantly increased over that of
the control and cold seed implanted
groups (P < 0.05) (Fig. 4C). These
results suggested that 1-125 seeds
inhibited cell proliferation and
induced apoptosis in MKN45 and
NUGCH4 xenografts.

Discussion

Gastric cancer remains a major
cause of death in the world.
Radiation therapy has recently
started to play an important role in
the treatment of advanced gastric
cancer. However, the adverse effects
external beam
radiation therapy on surrounding

of conventional

organs pose a major problem. With
recent technological advances in
irradiation, e.g., intensity-modu-
lated radiation therapy, irradiation
is localized to the restricted area as
far as possible. However, adverse
effects remain a problem. In this
study, we examined the effective-
ness of I-125 seed irradiation ther-
apy to address this problem. As
described above, I-125 seeds serve
as a localized radiation source with
an irradiation range of <2 cm. If
the seeds can provide the same
therapeutic effects for gastric can-
cer in a more localized irradiated
region than conventional external

beam radiation therapy, then they may serve as a new radiation
therapy, which reduces the adverse effects of radiation on the

surrounding organs.

According to a recent report, continuous low-dose-rate irra-
diation by I-125 seeds plays an important role in apoptosis induc-
tion and cell-cycle arrest. However, this remains controversial’®?
and, moreover, this was reported in only one histological type
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and NUGC4) following incubation for 96 h with or 'wxfhd
‘conditions (representative data was shown.in [A]). Three cell—cycle segments are shown in order from-

radiation to mamtam constant cell cuIture

left-to right: G/G, phase, S phase, G,/M phase, and the percentage of cells in each phase is shown.in |
(B). Contmuous low—dose rate lrradiatson by 1-125 seeds mduced a lower percentage of G/G,; and higher .
percentage of G /M phase ce!l -cycle arrest compared wuth the control for aII 3 gastnc cancer cell llnes;
(P<0.05). Experlments were performed at least 3 times.

of gastric cancer or cancer of other organs?*? Undifferentiated
cancer cells are generally more sensitive to radiation. Thus, radia-
tion effects may vary with cancer histology. Therefore, three his-
tologically different gastric cancer cell lines (well to moderately
differentiated adenocarcinoma, pootly differentiated adenocarci-
noma, and signet-ring cell carcinoma) were tested in vitro and in
vivo in our study.
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Control

{no seeds) | Day28

radiosensitivity in all histological types
of gastric cancer in vitro. Furthermore,
I-125 irradiation impairs the cell’s
ability to repair the damage, thereby
promoting cell apoptosis, which is
consistent with our data.

A subsequent study using a subcu-
taneous implantation model of gastric

Day51

¥ cancer cells demonstrated that tumor
Inject subcutaneously grc;wtl} WZE Sllg?lzfslcamlg s.up P ;essej
2.5X10° MKN45 cells only In the 1L seed impante
group. Subsequent Ki67 and TUNEL
C _ 2000 D staining demonstrated that I-125 irra-
& 5 diation significantly suppressed the

£ 1500 £ on S )
- P proliferation of cancer and induced
S 1000 2 apoptosis in the residual tumors
g z within the non-necrotic regions.
g 500 § These results suggest that the 1-125
= o irradiation-induced cell death was

60 | caused by both necrosis and apoptosis
in all three histological types of gastric

cancer in vivo.

Thus, I-125 irradiation caused radi-

Figure 3. Protocol for animal experiments using the MKN45 cell line (A). 2.5 x 10° cells in 0.2 mi PBS
were injected subcutaneously into the dorsa of each mouse. When tumors reached around 400 mm?
at about 3-4 weeks, 1-125 seeds or cold seeds were implanted into each 5 mice per group via a needle.
The untreated mice served as the no seed control-group. The tumor's macroscopic appearance was
imaged on the day of implantation before the mouse was sacrificed (representative data was shown in
[B]). Tumor size was measured once every - 4.d. There were no significant changes in tumor volume dur-
ing the first 2 weeks after seed implantation, but after that, [-125-irradiated tumors were much smaller
than the others, and significa d'fferences in tumor volumes were observed between the I-125 seed
implanted group and the othel roups (P < 0.05) (C). The body. we;ght of the animals was also mea-

ation-induced cell death in tumors,
but did not significantly damage sub-
cutaneous tissue and intra-abdominal
organs in this experiment. Over the
course of the study, the body weights
of the mice did not significantly differ
and all the mice survived, suggesting
that I-125 irradiation is safe with few

the 3 groups (D).

sured every 4 d and mortality was momtored dally, but there were no 5|gmf|cant d!fferences between

complications. Sugawara et al.®* con-

Our results demonstrated that [-125 irradiation reduced cell
viability and activated caspase-3 to induce apoptosis in all histolog-
ical types. Apoptosis induction rates tended to be higher for poorly
differentiated cells, although no significant difference was noted.

Apoptosis is a specific form of cell death characterized by sev-
eral morphological and biochemical events.?®* Apoptosis plays
an important role in a wide variety of biological processes includ-
ing immune system and homeostatic system development.®
Atypical cells that survive by inhibiting apoptosis are expected
to contribute to tumor progression and oncogenesis, and cancer
cells often gain a selective growth advantage by blocking apopto-
sis. Therefore, we hypothesized that induction of apoptotic cell
death must be an important mechanism in the anticancer proper-
ties of I-125 irradiation.

Cell-cycle analysis demonstrated that I-125 irradiation signifi-
cantly decreased cells in the G /G, phase and increased cells in
the G,/M phase. It is well recognized that the radiation sensi-
tivity of cells is highest in the G,/M phase.”** Our results also
demonstrated that I-125 irradiation inhibited the G, to M phase
transition during the cell cycle, delaying cell division through
the accumulation of cells in the G,/M phase to enhance cell

84 Cancer Biology & Therapy

ducted a study of patients with I-125

seeds that had migrated to a site other
than the prostate among 267 patients who underwent brachy-
therapy for prostate cancer. The I-125 seeds leaked directly into
the abdominal and pelvic cavities and migrated to the lungs,
gastrointestinal tract, and kidneys through the bloodstream.
However, none of the patients suffered serious complications,
demonstrating that I-125 irradiation therapy is very safe. The late
adverse effects of radiation and administration methods for hol-
low organs should be further investigated.

In conclusion, I-125 seed irradiation exerts anti-tumor effects
by inducing apoptosis and suppressing proliferation in histologi-
cally varied gastric cancers (adenocarcinoma and signet-ring cell
carcinoma). Thus, I-125 irradiation can serve as a novel radiation
therapy for gastric cancer, with minimal adverse effects on the
surrounding organ.

Materials and Methods

Cell culture

Three gastric cancer cell lines (MKN74, MKN45, and
NUGC4), kindly provided by RIKEN BRC Cell Bank through
the National Bio-Resource Project of the Ministry of Education,
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Figure 4. Hustologrcal experiments with MKN45 xenografts Tumor sections were lmmunostamed forKie7 and a TUNEL assay was performed K:67 and
TUNEL immunostaining are shown at 100x and 200x magnification (representative data was shown in [A]), Ki67 and TUNEL-posmve cells were quantt«~’
fied in 20 randomly selected, high-power fields in each tissue section. The average number of Kr67 posntlve cellsinthel-125 implanted group was clearly'
less than those in the control and cold seed implanted groups. In contrast to the proliferation rate, the average number ofTUNEL—pos&tlve apoptoticcells

inthe 1-125 tmplanted group was 5|gmf|canﬂy mcreased over those in the control and cold seed lmpianted groups (*P <0. 05) (8) Tumo
were isolated and stained with annexm V-FITC and PI, then’ analyzed using a flow cytometer to clarify the induction of apoptosz .
the 1-125 1mplanted group was 5|gmflcantly mcreased compared with those of the control and cold seed [mplanted groups (P < O 05) (representatlve

data was shownin [C]).-

issue samp!es g
The apoptosis rate in

Culture, Spotts, Science and Technology, Japan, were used in
this study. MKN74 was derived from differentiated adenocar-
cinoma, MKN45 from poorly differentiated adenocarcinoma,
and NUGC4 from signet-ring cell carcinoma. Cells were cul-
tured in a RPMI 1640 (Invitrogen, Life Technologies Corp.)
medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 wg/ml streptomy-
cin (Invitrogen, Life Technologies Corp.) at 37 °C in a 95%/5%
humidified mixture of atmospheric air and CO,.

www.landesbioscience.com

I-125 seed irradiation model in vitro

Model 6711 I-125 seeds were kindly provided by GE
Healthcare Medi-Physics, Inc.. The seeds were 0.97 mm in diam-
eter, 4.55 mm long, with a surface activity of 15.3 MBgq, a half-
life of 59.4 d, and average energy of 27.4-35.5 Kev. We used our
in-house in vitro I-125 seed irradiation model as described previ-
ously with minor modifications.?** Parafilm® (Pechiney Plastic
Packaging Company) was laid on the bottom of a 6-cm diam-
eter cell culture dish. Eight I-125 seeds were evenly embedded
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within recesses (4.55 mm x 0.97 mm) around a 35-mm diameter
circumference, with one 1-125 seed placed in the center of the
6-cm dish, to obtain a relatively homogeneous dose distribution
at the surface of the cell culture dish. A 6-cm culture dish was
placed on the in-house I-125 irradiation model during the experi-
ment. From each cell line (MKN74, MKN45, and NUGC4),
1 x 10° cells were seeded into separate dishes, and incubated for
96 h under constant cell culture conditions. The culture dishes
were rotated clockwise at specific time intervals to guarantee
even irradiation of the cells. The cultured cells were divided into
two groups: control group (0 Gy, without the embedded seeds),
and I-125 seed irradiated group (described as hot seeds).

Preparation of cells for further experiments

Cells from the control and I-125 seed irradiated groups were
digested with trypsin and gently washed with a serum-contain-
ing medium followed by a phosphate-buffered saline (PBS)
wash. After that, cells were centrifuged at 190 x g for 5 min. The
supernatant was discarded, and the cells were resuspended for
counting.

Viability assay

Cell viability was assessed with the CellTiter-Glo® assay
(Promega).*® Cells were added to a 96-well plate (opaque-walled
multi-well plates) at 2 x 10° cells per well in 100 pL media, and
control wells containing only the medium were prepared to
measure background luminescence. One hundred microliters of
CellTiter-Glo® reagent was added to each well and the contents
were mixed for 2 min on an orbital shaker to induce cell lysis.
The plate was incubated at room temperature for 10 min. Data
were then recorded using a plate-reading fluorometer Infinite®
F200 PRO (Tecan Group Ltd.). Experiments were performed at
least three times to ensure reproducibility.

Apoptosis analysis by flow cytometry

Cell concentrations were adjusted to 2 x 10° cells/ml for apop-
tosis analysis by flow cytometry. Cell suspensions were centri-
fuged at 190 x g for 5 min, and supernatants were discarded.
Apoptosis assay was performed using the MEBCYTO® Apoptosis
Kit (AnnexinV-FITC Kit) (Medical and Biological Laboratories
Co, Ltd.)¥ for flow cytometry as described by the manufacturer.
Cells were resuspended in 85 L of binding buffer, followed by
the addition of 10 nL of annexin V-FITC and 5 wL of prop-
idium iodide, mixed well and incubated at room temperature
(20-25 °C) for 15 min in the dark. After 100 L of binding buf-
fer was added, stained cells were analyzed using a flow cytometer
(FACS Canto II; Becton Dickinson) and the data were analyzed
using FlowJo software (Tree Star Inc.). Experiments were per-
formed at least 3 times to ensure reproducibility.

Caspase-3 activity assay

Caspase-3 activity was assessed with the Caspase-Glo® 3/7
assay (Promega).”® Cells were added to a 96-well plate (opaque-
walled multi-well plates) at 2 x 10° cells per well in 100 pL media,
and control wells containing only the medium were prepared to
measure background luminescence. One hundred microliters of
Caspase-Glo® reagent was added to each well and contents were
mixed for 2 min on an orbital shaker to induce cell lysis. The
plate was incubated at room temperature for 30 min. Data were
then recorded using a plate-reading fluorometer Infinite® F200

86 Cancer Biology & Therapy

PRO (TECAN Group Ltd.). Experiments were performed at
least three times to ensure reproducibility.

Cell-cycle analysis by flow cytometry

Cell-cycle assay was performed using the Cell Cycle Phase
Determination Kit® (Cayman Chemical Company)® for flow
cytometry according to the manufacturer’s instructions. The
cell concentration was adjusted to 1 x 10° cells/ml for cell-cycle
analysis by flow cytometry. Cell suspensions were centrifuged at
190 x g for 5 min, and supernatants were discarded. Cells were
washed with an assay buffer twice, and then fixed and permeabi-
lized with fixation solution at -20 °C overnight. The fixed cells
were centrifuged at 500 x g for 5 min, and the fixation solution
was discarded. The cell pellet was suspended in 0.5 ml staining
solution (200 L RNase A with 200 L PI, 10 ml assay buffer),
and incubated for 30 min at room temperature in the dark. The
DNA content was determined by flow cytometry (FACS Canto
11, Becton Dickinson) and the data were analyzed using Flow]Jo
software (Tree Star Inc.). Experiments were performed at least
three times to ensure reproducibility.

Animal experiments

Female BALB/c nude mice, 35—42 d oldand weighing 17-20 g,
were purchased from CLEA Japan, Inc. Mice were maintained
under specific pathogen-free conditions in the Animal Care
Facility of Keio University School of Medicine. All experiments
were approved by the regional animal study committee and were
performed according to institutional guidelines and home office
regulations. Animals were anesthetized via inhalation of diethyl
ether and 2.5 x 10¢ MKN4S, or NUGC4 cells in 0.2 ml PBS
was injected subcutaneously into the dorsa of each mouse. When
tumors reached around 400 mm? at about 4 weeks, the mice were
randomly assigned to 3 groups (z = 5/group). The visible mass
in mice from two of the groups was punctured by the 18-gauge
needles of the Mick-applicator through which I-125 seeds or cold
seeds were implanted. The remaining group served as the non-
implanted control group. Tumor size was measured once every
4 d, and expressed as tumor volume using the formula: tumor
volume (mm®) = (major axis) x (minor axis) x (height) x 0.52.
The body weight of the animals was measured once every 4 d and
mortality was monitored daily. After the treatment, all mice were
sacrificed and weighed, and tumors were harvested and weighed.

Isolation of tumor cells from tumor xenografts

Tumor cells were isolated from tumors as described previ-
ously**# with minor modifications. Briefly, tumors were cut into
fragments 2—-3 mm in width, and incubated in a RPMI 1640
medium containing 10% FBS, collagenase type I (300 U/ml;
invitrogen, Life Technologies Corp.) and DNase I (50 U/ml;
Sigma-Aldrich Corp.) at 37 °C for 90 min. Thereafter, the
digested fragments were teased through a steel mesh and single-
cell suspensions were resuspended in 40% Percoll (Biochrome)
and layered over 75% Percoll prior to centrifugation at
500 x g for 45 min. Interphase tumor cells were stained with the
MEBCYTO® Apoptosis Kit (AnnexinV-FITC Kit) (Medical and
Biological Laboratories Co, Ltd.) for flow cytometry analysis.

Ki67 and TUNEL staining of tumor samples

Tumor samples were fixed in PBS containing 10% neutral-
buffered formalin. For the detection of apoptotic cells, tissue
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sections were subjected to a TUNEL assay using the In Situ Cell
Death Detection Kit (Roche) according to the manufacturer’s
instructions. Cell proliferation was assessed by quantitative mor-
phometric analysis of proliferating cell nuclear antigen (Ki67)

expression. Tissue sections were deparaffinized with xylene, rehy-
drated with graded ethanol, and fixed in 4% paraformaldehyde.
The tissue sections were incubated in an EDTA pH 9.0 buffer
solution at 95 °C for 20 min and 0.3% H,O, for 35 min. The
slides were washed three times in PBS and incubated for 60 min
at room temperature with a mouse monoclonal Ki67 antibody
(Thermo Fisher Scientific, Inc.) at a 1:100 dilution. After that,

slides were washed three times in Tris-buffered saline (TBS), and

incubated for 30 min at room temperature with a peroxidase-con-
jugated anti-mouse IgG polyclonal antibody (Nichirei Bioscience

10.
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Differences were considered to be statistically significant when
the P value was less than 0.05.
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Free Cholesterol Accumulation in Hepatic Stellate
Cells: Mechanism of Liver Fibrosis Aggravation in
Nonalcoholic Steatohepatitis in Mice

Kengo Tomita,"** Toshiaki Teratani,” Takahiro Suzuki,” Motonori Shimizu,' Hirokazu Sato,’
Kazuyuki Narimatsu,' Yoshikiyo Okada,' Chie Kurihara,' Rie Irie,” Hirokazu Yok()yama,4

Katsuyoshi Shimamura,” Shingo Usui,"* Hirotoshi Ebinuma,” Hidetsugu Saito,” Chikako Watanabe,'
Shunsuke Komoto,' Atsushi Kawaguchi,l Shigeaki Nagao,' Kazuo Sugiyamat,2 Ryota Hokari,! Takanori Kanai,”

Soichiro Miura,' and Toshifumi Hibi®

Although nonalcoholic steatohepatitis (NASH) is associated with hypercholesterolemia,
the underlying mechanisms of this association have not been clarified. We aimed to elu-
cidate the precise role of cholesterol in the pathophysiology of NASH. C57BL/6 mice
were fed a control, high-cholesterol (HC), methionine-choline-deficient (MCD), or
MCD+HC diet for 12 weeks or a control, HC, high-fat (HF), or HF+HC diet for 24
weeks. Increased cholesterol intake accelerated liver fibrosis in both the mouse models
without affecting the degree of hepatocellular injury or Kupffer cell activation. The
major causes of the accelerated liver fibrosis involved free cholesterol (FC) accumulation
in hepatic stellate cells (HSCs), which increased Toll-like receptor 4 protein (TLR4)
levels through suppression of the endosomal-lysosomal degradation pathway of TLR4,
and thereby sensitized the cells to transforming growth factor (TGF)f-induced activa-
tion by down-regulating the expression of bone morphogenetic protein and activin
membrane-bound inhibitor. Mammalian-cell cholesterol levels are regulated by way of a
feedback mechanism mediated by sterol regulatory element-binding protein 2
(SREBP2), maintaining cellular cholesterol homeostasis. Nevertheless, HSCs were sensi-
tive to FC accumulation because the high intracellular expression ratio of SREBP
cleavage-activating protein (Scap) to insulin-induced gene (Insig) disrupted the
SREBP2-mediated feedback regulation of cholesterol homeostasis in these cells. HSC
activation subsequently enhanced the disruption of the feedback system by Insig-1
down-regulation. In addition, the suppression of peroxisome proliferator-activated
receptor y signaling accompanying HSC activation enhanced both SREBP2 and
microRNA-33a signaling. Consequently, FC accumulation in HSCs increased and
further sensitized these cells to TGFf-induced activation in a vicious cycle, leading to
exaggerated liver fibrosis in NASH. Conclusion: These characteristic mechanisms of FC
accumulation in HSCs are potential targets to treat liver fibrosis in liver diseases
including NASH. (HeratoroGy 2014;59:154-169)

Abbreviations: ABCAI, adenosine triphosphate-binding cassette Al; ALT, alanine aminotransferase; Bambi, bone morphogenctic protein and activin membrane-
bound inhibitor; CCly carbon tetrachloride; CE, cholesterol ester; COPIL coar protein complex II; ER, endoplasmic reticulum; FBS, feral bovine serum; FC, free
cholesterol; HC, high cholesterol; HE high fat; HMGCR, 3-hydroxy-3-methyl-glutaryl-CoA reductase; HSC, hepatic stellate cell; ICAM-1, intercellular adhesion
molecule-1; Insig, insulin-induced gene; LDLR, low-density lipoprotein receptor; LPS, lipopolysaccharide; MB CD, methyl-B-cyclodextring MCD, methionine-chol-
ine deficient; mRNA, messenger RNA; NASH, nonalcoholic steatoheparitiss; NPCI, Niemann-Pick CIl; PCR, polymerase chain reaction; PPAR, peroxisome
proliferator-activated receptor; Scap, SREBP cleavage-activating protein; siRNA, small interfering RNA; SMA, smooth muscle actin; SREBE sterol regulatory
element-binding protein; TGE transforming growth factor; TLR4, Toll-like recepror 4; TNE tuinor necrosis factor; TUNEL, terminal deoxynucleotidyl transferase-

mediated deoxyuridine nick-end labeling; VCAM-1, vascular cell adbesion molecule-1.
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onalcoholic steatohepatitis (NASH) is a pro-
! \ i gressive disease that can cause cirthosis or
liver-related complications.” Tt very often
accompanies lifestyle diseases including hypercholester-
olemia. Several studies have shown that statins and
ezetimibe (cholesterol-lowering agents) improve liver
fibrosis in patients with NASH.” Furthermore, we
have recently reported that free cholesterol (FC) accu-
mulation in hepatic stellate cells (HSCs) plays an
important role in the pathogenesis of liver fibrosis.?
These results drew our attention to the role of choles-
terol in the pathogenesis of liver fibrosis in NASH.
Cholesterol homeostasis is tightly regulated by way
of a feedback system mediated by sterol regulatory
element-binding protein (SREBP)2.%> The low-density
lipoprotein receptor (LDLR) and 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMGCR), which play impor-
tant roles in maintaining cholesterol uptake and
synthesis, respectively, are predominantly regulated by
SREBP2.° Nascent SREBP2 localizes to the endoplas-
mic reticulum (ER) membrane and forms tight com-
plexes with SREBP cleavage-activating protein (Scap),
a membrane-embedded escort protein.” When mem-
brane cholesterol levels are low, the SREBP2-Scap
complex is incorporated into the coat protein complex
II (COPID-coated vesicles.®® Consequently, SREBP2
translocates to the nucleus and activates transcription
of several target genes involved in the biosynthesis and
uptake of cholesterol.® When excess cholesterol accu-
mulates in the ER membranes, it changes Scap to an
alternate conformation, allowing it to bind to resident
ER proteins, insulin-induced gene (Insig)-1, and Insig-
2.7 This binding precludes the binding of COPIL
Consequently, the SREBP2-Scap complex remains in
the ER, transcription of the target genes declines, and
cholesterol synthesis and uptake fall.*¢
Furthermore, recent studies have shown that the pri-
mary transcript of SREBP2 also encodes miR-33a, a
mictoRINA that regulates cholesterol metabolism by
way of factors such as adenosine triphosphate-binding

cassette Al (ABCA1) and Niemann-Pick C1 (NPC1),
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suggesting transcriptional regulation by SREBF2 mod-
ulates the cellular capacity for producing not only an
active transcription factor but also the expression of
miR-33a."

By studying two mouse models of NASH, we
attempted to clarify the precise role of cholesterol in
the pathophysiology of NASH. As we found that the
major causes of the exacerbation of liver fibrosis in
NASH involved FC accumulation in HSCs, we inves-
tigated the underlying mechanisms of FC accumula-
tion in HSCs and its role in the pathogenesis of
NASH.

Materials and Methods

Please refer to the Supporting Materials and Meth-
ods for more detailed descriptions.

Reagents. Reagents were obtained as follows: low
density lipoprotein  (LDL), methyl-f-cyclodextrin
(MBCD)/cholesterol ~ complex,  lipopolysaccharide
(LPS), chloroquine, and MG-132 were from Sigma
(St. Louis, MO). 25-HC was from Wako Pure Chemi-
cal Industries (Osaka, Japan). Transforming growth
factor beta (TGFf) was from R&D Systems (Minne-
apolis, MN). Peroxisome proliferator-activated receptor
gamma (PPARy)-small interfering RNA (siRNA),
SREBP2-siRNA, LDLR-siRNA, Scap-siRNA, Insig-1-
siRNA, bone morphogenetic protein and activin
membrane-bound  inhibitor (Bambi)-siRNA, and
control-siRNA were from Invitrogen (Carlsbad, CA).
Anti-miR33a, pre-miR33a, and control-miR33a were
from Ambion (Austin, TX).

Animal Studies. Nine-week-old male C57BL/G]
mice (CLEA Japan, Tokyo, Japan) were fed a CE-2
(control; CLEA Japan), CE-2 with 1% cholesterol
(HC), methionine-choline-deficient (MCD; Cat. No.
960439; ICN, Aurora, OH), or MCD with 1% choles-
terol (MCD+HCQC) diet for 12 weeks. As another ani-
mal model of NASH, 9-week-old male C57BL/6] mice
were also fed a CE-2, HC, high-fat (HF; prepared by
CLEA Japan according to the #101447 composition of
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Dyets, Bethlehem, PA), or HF with 1% cholesterol
(HE+HC) diet for 24 weeks. In the same way, 7-8-
week-old C57BL/6 Toll-like receptor (TLR)4-deficient
mice (Oriental BioService, Kyoto, Japan) were fed the
control, HC, MCD, or MCD+HC diets for 8 weeks
or the control, HC, HE or HF+HC diets for 20
weeks. All animals received humane care in compliance
with the criteria outlined in the “Guide for the Care
and Use of Laboratory Animals,” prepared by the US
National Academy of Sciences and published by the US
National Institutes of Health.

HSC Isolation and Cell Culture. Wild-type or
TLR4-deficient HSCs were isolated from the livers of
mice as described.” We cultured HSCs on uncoated
6-well plastic tissue culture dishes in serum-depleted
Dulbecco’s modified Eagle’s medium (DMEM),
DMEM containing 1% or 10% fetal bovine serum
(EBS), and used them as nonpassaged primary cultures
or cultures at passage 3-6. ‘

Statistical Analysis. All data are expressed as
means (standard error of the mean [SEM]). Statistical
analyses were performed using the unpaired Student
£ test or one-way analysis of variance (ANOVA) (P < 0.05
was considered significant). When the ANOVA
analyses were applied, differences in mean values among
groups were examined by Fisher’s multiple comparison
test.

Results

Increased Cholesterol Intake Accelerates Liver
Fibrosis in NASH Without Affecting the Degree of
Hepatocellular Injury or Macrophage Recruitinent
or Activation. Compared with the livers of the
MCD diet-fed mice, the livers of the MCD+HC
diet-fed mice showed markedly increased centrizonal
fibrosis (Supporting Fig. 1A-C). As observed in the
MCD diet-induced NASH model, the extent of fibro-
sis was significantly enhanced in the livers of the
HF+HC diet-fed mice, compared with the HF diet-
fed mice (Supporting Fig. 1D-F).

HC diet feeding alone was not sufficient to cause
liver fibrosis over 12 and 24 weeks (Supporting
Fig. 1). In addition, increased intake of cholesterol did
not significantly impact hepatocellular damage in the
two mouse models of NASH (Supporting Fig. 2).
There was no impact on the hepatic messenger RNA
(mRNA) levels of Cyp27al or on the hepatic content
of mitochondrial FC (Supporting Fig. 3).

Similarly, the increased cholesterol intake did not
increase macrophage recruitment or activation in
cither of the two mouse models of NASH (Support-
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ing Fig. 4). Neither did the increased cholesterol
intake induce the formation of hepatic macrophage
foam cells or cause liver inflammation in these mouse
models (Supporting Figs. 1A,D, 5A). In Kupffer cells,
there was also no impact on the mRNA levels of
Cyp27al or on the cholesterol content of both the
mitochondria and late endosomes/lysosomes (Sup-
porting Fig. 5B-D). Furthermore, the increased cho-
lesterol intake significantly exaggerated liver fibrosis
in Kupffer cell-depleted mice with NASH (Support-
ing Fig. 6). '

FC Accumulation in HSCs Is Enhanced in NASH
and Up-Regulates TLR4 Protein Expression and
Down-Regulates Bambi mRNA Expression in
HSCs. HC, MCD, and HF diet feeding significantly
increased FC levels in HSCs compared with the corre-
sponding control diet feeding (Supporting Fig. 7A,D).
Further, FC levels were significantly higher in HSCs
from the MCD+HC and HF+HC diet-fed groups
than in those from the other corresponding groups
(Supporting Fig. 7A,D).

The mRNA expression levels of Bambi, the TGFfS
pseudoreceptor, were significantly lower in HSCs from
the HC, MCD, and HF diet-fed groups than in those
from the corresponding control diet-fed groups and in
HSCs from the MCD+HC and HF+HC diet-fed
groups than in those from the other corresponding
groups (Supporting Fig. 7B,E).

HC, MCD, and HF diet feeding increased the
amount of TLR4 protein expressed in HSCs. In addi-
tion, HSCs from the MCD+HC and HF+HC diet-
fed groups showed higher TLR4 protein expression
than those from the other corresponding groups (Sup-
porting Fig. 7CJF). No significant difference was
observed in the mRNA expression levels of TLR4
among the corresponding groups  (Supporting
Fig. 7C,F).

HSC Activation in NASH Down-Regulates PPARy
Expression and Enbances Both SREBP2 and miR-
33a Signaling; Increased Cholesterol Intake Intensi-
fies These Effects. As noted in the whole livers, the
mRNA expression levels of collagen 1lol, collagen
1o2, and o smooth muscle actin (xSMA) were signifi-
cantly increased in HSCs from the MCD and HF
diet-fed groups compared with the corresponding
control diet-fed groups. These increases were signifi-
cantly enhanced by the increased intake of cholesterol
(Fig. 1A,D).

The mRNA expression levels of PPARy1 in HSCs
were significantly lower in the MCD and HF diet-fed
groups than in the corresponding control diet-fed
groups. In addition, these decreases were significanty
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Fig. 1. Down-regulated PPARy expression and enhanced SREBP2 and miR-33a signaling after HSC activation in the two mouse models of
NASH. C57BL/6 mice (9 weeks old, male; n = 6-9/group) were fed (A-C) the control, HC, MCD, or MCD-+HC diet for 12 weeks or (D-F) the
control, HC, HF, or HF-+HC diet for 24 weeks. (A,D) Quantification of collagen 1al, collagen 1¢:2, «SMA, PPARy1, and SREBP2 mRNA in HSCs
isolated from the mice in each group. **P < 0.01 and *P < 0.05, compared with the control diet group. (B,E) Total and nuclear expression of
PPARy and SREBP2 protein in HSCs isolated from the mice in each group. The relative protein levels are indicated below the corresponding
bands. (C,F) Quantification of LDLR and HMGCR mRNA, and miR-33a in HSCs isolated from the mice in each group. **P < 0.01 and *P <
0.05, compared with the control diet group. All data are expressed as means (SEM).
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enhanced by the increased intake of cholesterol
(Fig. 1A,D). Contrarily, the mRNA expression levels
of SREBP2 were significantly higher in HSCs from
the MCD and HF diet-fed groups than in those from
the corresponding control diet-fed groups, and these
increases were significantly enhanced by the increased
intake of cholesterol (Fig. 1A,D).

The total and nuclear protein levels of PPARy were
lower in HSCs from the MCD and HF diet-fed
groups than in those from the corresponding control
diet-fed groups and these decreases were significantly
enhanced by the increased intake of cholesterol (Fig.
1B,E). Meanwhile, the levels of the nuclear form of
SREBP2 were significantly higher in HSCs from the
MCD and HF diet-fed groups than in those from the
corresponding control diet-fed groups. Furthermore,
these increases were significantly enhanced by the
increased intake of cholesterol (Fig. 1B,E).

Similar to SREBP2 expression, the expression levels
of LDLR and miR-33a in HSCs were significantly
higher in the MCD and HF diet-fed groups than in
the corresponding control diet-fed groups. These
increases were significantly enhanced by the increased
intake of cholesterol (Fig. 1C,F).

In Vitro HSC Activation Down-Regulates PPARy
Signaling, Which Enbances SREBP2 and miR-33a
Signaling. The total and nuclear forms of PPARy
were abundant in day 1 (quiescent) HSCs but declined
in day 3 and 5 (activating) and day 7 (activated)
HSCs (Fig. 2A). Meanwhile, the nuclear form of
SREBP2 was scarce in day 1 HSCs, and its expression
increased at days 3 and 5, and day 7 HSCs (Fig. 24A).
Correspondingly, the PPARyl and SREBP2 mRNA
expression levels were similar to the protein expression
levels (Fig. 2A). Furthermore, the expression levels of
LDLR and miR-33a in HSCs increased along with
their activation (Fig. 2B).

PPARy-siRNA treatment significantly increased the
expression levels of SREBP2, LDLR, and miR-33a in
quiescent HSCs (Fig. 2C). Similarly, treatment with
the PPARy antagonist significantly increased the
expression levels of SREBP2, LDLR, and miR-33a
in quiescent HSCs in a dose-dependent manner
(Fig. 2D). On the other hand, overexpression (O/E) of
PPARy1 significantly decreased the levels of SREBP2,
LDLR, and miR-33a expression in activated HSCs
(Fig. 2E).

SREBP2-siRNA treatment significantly decreased
the mRINA expression level of LDLR (Fig. 2F). The
addition of PPARy-siRNA did not affect the mRINA
expression level of LDLR in quiescent HSCs treated
with SREBP2-siRNA (Fig. 2F).

HEPATOLOGY, January 2014

Enhancement of LDLR Expression and miR-33a
Signaling Plays a Role in FC Accumulation in
HSCs, Which Subsequently Increases TLR4 Protein
Expression Through Suppression of the Endosomal-
Lysosomal Degradation Pathway of TLR4. Suppres-
sion of LDLR mRNA expression by LDLR-siRNA
treatment significantly decreased FC accumulation in
HSCs treated with LDL or FBS (Fig. 3A). In HSCs
treated with LDL or FBS, FC accumulation signifi-
cantly decreased with the addition of anti-miR33a and
increased with the addition of pre-miR33a (Fig. 3B).
Furthermore, FC accumulation in HSCs increased
along with their activation (Fig. 3C).

TLR4 protein expression, but not mRNA expres-
sion, in HSCs increased along with their activation
(Fig. 3D). Treatment with LDL significantly increased
TLR4 protein expression in HSCs and suppression of
LDLR expression significantly decreased it (Fig. 3E).
Similarly, the LDL-induced increase in TLR4 protein
expression was significantly suppressed by the addition
of ant-miR33a and significantly enhanced by the
addition of pre-miR33a (Fig. 3E).

Furthermore, treatment with LDL significantly sup-
pressed the ligand-mediated enhanced degradation of
TLR4 in HSCs (Fig. 4A). Both chloroquine, an inhib-
itor of the endosomal-lysosomal pathways, and
MG-132, an inhibitor of the proteosomal pathways,
significantly increased TLR4 protein expression in
HSCs (Fig. 4B). The addition of LDL did not affect
the protein expression levels of TLR4 in HSCs treated
with chloroquine, whereas it significantly increased the
protein levels of TLR4 in HSCs treated with MG-132
(Fig. 4C,D).

FC Accumulation in HSCs Sensitizes These Cells
to TGEB-Induced Activation Through Enhancement
of TLR4-Mediated Down-Regulation of Bam-
bi. The mRNA level of Bambi significantly decreased
with LPS treatment, and furthermore, the addition of
LDL significantly enhanced the decrease in wild-type
HSCs (Fig. 5B). A deficiency in TLR4 signaling
reversed these decreases (Fig. 5B).

Wild-type HSCs, pretreated with LPS, demon-
strated significant enhancement of collagen lal and
102 mRNA expressions when stimulated with TGFf,
and showed a further increase in mRNA expression of
collagen 1ol and 1a2 when treated with LDL
(Fig. 5C). A deficiency in TLR4 signaling, however,
eliminated these increases (Fig. 5C).

Bambi mRNA expression did not decrease in HSCs
treated with LDL, LDLR-siRNA, anti-miR33a, or pre-
miR33a in the absence of LPS, but it significantly
decreased when HSCs were treated with LPS
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Fig. 2. Down-regulated PPARy expression and enhanced SREBP2 and miR-33a signaling after HSC activation in vitro. (A) Total and nuclear
protein expression (left panel) and mRNA levels (right panel) of PPARy and SREBP2 in HSCs cultured for 1, 3, 5, or 7 days after isolation from
C57BL/6 mice. The relative protein levels are indicated below the corresponding bands. **P < (.01, compared with the day 1 culture. (B)
Quantification of collagen 1«1, collagen 162, SMA, LDLR, and HMGCR mRNA and miR-33a in HSCs cultured for 1, 3, 5, or 7 days after isola-
tion from C57BL/6 mice. Reflecting the activation of HSCs, the mRNA expression levels of collagen 11, collagen 102, and «SMA gradually
increased from day 1 HSCs to day 3 and 5 HSCs to day 7 HSCs. **P < 0.01 and *P < 0.05, compared with the day 1 cultures. (C) Quantifi-
cation of PPARy1, SREBP2, and LDLR mRNA and miR-33a (upper panel) and PPARy protein (lower panel) in quiescent HSCs treated with
PPARy-siRNA. **P < 0.01 and *P < 0.05, compared with the control culture. (D) Quantification of SREBP2 and LDLR mRNA and miR-33a in
quiescent HSCs treated with the PPARy antagonist at the indicated concentrations. **P < 0.01 and *P < 0.05, compared with the control cul-
ture. (E) Quantification of PPARy1, SREBP2, and LDLR mRNA and miR-33a (upper panel), and PPARy protein (lower panel) in activated HSCs
treated with PPARy1-0O/E vector. **P < 0,01, compared with the control culture. (F) Quantification of SREBP2, LDLR, and HMGCR mRNA in acti-
vated HSCs treated with SREBP2-siRNA (upper panel). Quantification of LDLR mRNA in quiescent HSCs treated with PPARy-siRNA and/or
SREBP2-siRNA (lower panel). **P < 0.01, compared with the control culture. All data are expressed as means (SEM).
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Fig. 3. FC accumulation in HSCs due to enhanced LDLR expression and miR-33a signaling. (A) Quantification of LDLR mRNA (left panel) and
cellular FC and CE (right panel) in HSCs treated with LDLR-siRNA in the presence of LDL or FBS. (B) Quantification of miR-33a (left panel) and
cellular FC and CE (right panel) in HSCs treated with anti-miR33a or pre-miR33a in the presence of LDL or FBS. **P < 0.01, compared with
the control culture. *P < 0.01 and *P < 0.05, compared with the FC contents in the corresponding cultures without the addition of LDLR-
siRNA, anti-miR33a, or pre-miR33a. (C) Quantification of cellular FC and CE in HSCs cultured for 1, 3, 5, or 7 days after isolation from
C57BL/6 mice. **P < 0.01 and *P < 0.05, compared with the day 1 cultures. (D) Quantification of TLR4 mRNA (left panel) and expression of
TLR4 protein (right panel) in HSCs cultured for 1, 3, 5, or 7 days after isolation from C57BL/6 mice. The relative protein levels are indicated
below the corresponding bands. (E) Expression (left panels) and quantification (right panels) of TLR4 protein in HSCs treated with control-siRNA,
LDLR-siRNA, anti-miR33a, pre-miR33a, or control-miR33a in the presence of LDL. **P < 0.01 and *P < 0.05, compared with the control cul-
ture. All data are expressed as means (SEM).



