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Transplantation of Engineered Chimeric Liver With Autologous
Hepatocytes and Xenobiotic Scaffold

Toshiyuki Hata, MD,*{ Shinji Uemoto, MD, PhD,* Yasuhiro Fujimoto, MD, PhD,* Takashi Murakami, MD, PhD,{
Chise Tateno, PhD,§ Katsutoshi Yoshizato, PhD,§ and Eiji Kobayashi, MD, PhD||

Objective: Generation of human livers in pigs might improve the serious
shortage of grafts for human liver transplantation, and enable liver trans-
plantation without the need for deceased or living donors. We developed a
chimeric liver (CL) by repopulation of rat hepatocytes in a mouse and suc-
cessfully transplanted it into a rat Tecipient with vessel reconstruction. This
study was designed to investigate the feasibility of CL for supporting the
recipient after auxiliary liver grafting.

Methods: Hepatocytes from luciferase transgenic or luciferase/LacZ double-
transgenic rats were transplanted into 20- to 30-day-old urokinase-type
plasminogen activator/severe-combined immunodeficiency (uPA/SCID) mice
(n=40) to create CLs with rat-origin hepatocytes. Afier replacement of mouse
hepatocytes with those from rats, the CLs were transplanted into wild-type
Lewis (n = 30) and analbuminemia (n = 10) rats, followed by immunosup-
pression using tacrolimus (TAC) with/without cyclophosphamide (CPA) or
no immunosuppression. Organ viability was traced by in vivo bioimaging and
Doppler ultrasonography in the recipient rats for 4 to 6 months. Rat albu-
min production was also evaluated in the analbuminemia rats for 4 months.
In addition, histological analyses including Ki67 proliferation staining were
performed in some recipients.

Results: Both immunosuppressive protocols significantly improved graft sur-
vival and histological rejection of CLs as compared to the nonimmunosup-
pressed group. Although rat albumin production was maintained in the re-
cipients for 4 months after transplantation, ultrasonography revealed patent
circulation in the grafts for 6 months. Ki67 staining analysis also revealed
the regenerative potential of CLs after a hepatectomy of the host native liver,
whereas immune reactions still remained in the mouse-origin structures.
Conclusions: This is the first report showing that engineered CLs have po-
tential as alternative grafts to replace the use of grafts from human donors.

Keywords: alternative organ graft, auxiliary liver transplantation, chimeric
liver, engineered organ, liver transplantation
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iver transplantation is currently regarded as the most effective

treatment for end-stage liver diseases. Because the worldwide
graft shortage remains unresolved,"? engineered organs are antici-
pated as alternative grafts to fill the scarcity and ultimately replace
those from deceased and living donors. Although regenerative tech-
nology has already developed various kinds of regenerative cells and
tissues, > they are still insufficient to cure patients with end-stage
liver diseases because of the absence of complicated functions and
limited volume. Therefore, a regenerative liver graft for use as an “or-
gan” is required. To achieve an appropriate 3-dimensional structure
and differentiation to specific tissues in a single organ, application of
native organs as scaffolds has been reported as a possible solution.>™”
Recent advances in genetic manipulation of animals such as pigs have
produced transgenic animals with a lower risk of xenorejection.®*
Thus, using their native organogenetic potentials, development of
engineered liver “organs” is expected.'’ In such a protocol, human
hepatocytes are transplanted to a transgenic pig to replace its native
hepatocytes, resulting in development of a chimeric liver (CL) with
human parenchyma and swine nonparenchymal components, includ-
ing vessels, bile ducts, and other connecting tissues. However, it is
unclear whether such engineered CLs can be transplanted into recipi-
ents, or whether they can maintain their organ structures and functions
after transplantation. In this study, we developed a rodent model of
chimeric liver transplantation to investigate its feasibility (Fig. 1A).
We used mice and rats as substitutes for transgenic pigs and humans,
respectively, and created CLs in transgenic mice using hepatocytes
derived from transgenic rats. After chimeric liver transplantation into
rat recipients with vessel reconstruction, we examined the long-term
viability and functions of the transplanted CL grafts.

MATERIALS AND METHODS

Animals

All mice and rats were housed in a temperature-
controlled environment under a 12-hour light-dark cycle with free
access to water and standard rodent chow diet. Male and fe-
male albumin enhancer-/promoter-driven urokinase-type plasmino-
gen activator/severe-combined immunodeficiency (uPA/SCID) mice
(Phoenixbio Co, Ltd, Japan) (n = 40), which express and accumulate
urokinase-type plasminogen specifically in native hepatocytes, result-
ing in liver disease,'!? were used as the scaffolds for CL regenera-
tion. Male luciferase transgenic Lewis (Luc-LEW) (MHC haplotype;
RT1Y (n = 2), and female luciferase and LacZ double-transgenic
Lewis (Luc/LacZ-LEW) (RT1") rats'® (n = 1) were used as hepato-
cyte donors. Male wild-LEW rats (RT1') (Charles River Japan, Japan)
(n = 30) and male Nagase analbuminemia rats (RT1*)"* (Japan SLC,
Japan) (n = 10) were used as the recipients of chimeric liver transplan-
tation. All experiments in this study were performed in accordance
with the Jichi Medical University Guide for Laboratory Animals after
approval by the ethics committee of PhoenixBio Co, Ltd.

Generation of CLs

Isolated hepatocytes were obtained from 10-week-old Luc-
LEW and Luc/LacZ LEW rats using a standard 2-step collagenase
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perfusion method. '¢ Collagenase (75 mg/body) (COLLAGENASE S-
1; Nitta-gelatin, Japan) was perfused through the portal vein, then 5.0
x 10° hepatocytes were transplanted into 20- to 30-day-old uPA/SCID
mice, as previously reported.'? These mice were kept for 3 months to
obtain CLs with satisfactory size (mean & SEM, 1.69 & 0.04 g) and
chimerism.

Harvesting of CLs

The CLs were harvested from uPA/SCID mice along with
the hepatic artery with the aortic cuff and infrahepatic inferior vena
cava. The portal vein trunk, common bile duct, and suprahepatic
inferior vena cava were ligated. After systemic injection of 300 U
of heparin sodium (Novo-Heparin; Mochida, Japan), the graft was
harvested and cryo-preserved in 0.9% saline. A 10-mm plastic tube
(22G SurfloR, IV catheter; Terumo, Japan) was inserted into the
gallbladder, and a plastic cuff (18G SurfloR) was installed onto the
end of the infrahepatic inferior vena cava.

Auxiliary Liver Transplantation of CLs

The CLs were engrafted in an auxiliary manner with vessel
reconstruction using a cuff technique, as we previously reported.'” In
brief, after a simple left nephrectomy, a plastic cuff (22G SurfloR)
was installed on the end of the recipient left renal artery. The graft
hepatic artery and infrahepatic inferior vena cava were anastomosed
to the recipient left renal artery and vein, respectively (see Video
and Figure, Supplemental Digital Contents 1 and 2, demonstrating
reperfusion of graft, available at http://links.lww.com/SLA/A254 and
http://links.lww.com/SLA/A256, respectively). The graft gallbladder
was connected to the recipient jejunum (Fig. 1B) and the recipient
liver was left intact. There were no significant differences regarding
any of the parameters for the animals and surgical procedures (data
not shown). Recipient rats that died within 24 hours after chimeric
liver transplantation or showed no luminescent signals on day 1 were
excluded from postoperative analyses.

PostTransplant Treatment

Solid immunosuppressive protocols with tacrolimus (TAC) for
T cell-mediated rejection and cyclophosphamide (CPA) for antibody-
mediated rejection were used. The LEW rat recipients were treated
with one of the following protocols: daily tacrolimus [TAC (+)CPA
(=)] (m = 15), daily tacrolimus and cyclophosphamide pre-
treatment [TAC (4)CPA(+)] (n = 6), or no immunosuppres-
sion [TAC(—)CPA(—)] (n = 6). In the TAC(+)CPA(-) and
TAC(+)CPA(+) groups, tacrolimus (Prograf; Astellas, Japan) was

© 2013 Lippincott Williams & Wilkins
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injected intramuscularly into the recipient rats at a dose of 0.64 mg/kg
before and every day after transplantation. In TAC (4)CPA(+), can-
didate recipient rats were prepared with an intraperitoneal injection of
cyclophosphamide (Endoxan, Shionogi, Japan) at a dose of 60 mg/kg
10 days before transplantation (dose of cyclophosphamide modified
from previous report'®). For Nagase analbuminemia rat recipients
(n = 8), tacrolimus was given every day intramuscularly at a dose of
0.32 mg/kg. The recipient rats were observed daily and those in very
poor condition were euthanized.

Evaluation of Luminescence From CLs

In vivo luciferase imaging of CLs was performed in both
uPA/SCID mice for 3 months after hepatocyte transplantation and
recipient rats throughout their survival after chimeric liver transplan-
tation using a noninvasive bioimaging system (IVIS, Xenogen, CA),
and the images were analyzed using a software package (Igor; Wave-
Metrics, OR, and IVIS Living Image; Xenogen). Before imaging,
D-luciferin (potassium salt; Biosynth, Switzerland) (30 mg/kg) was
injected into the peritoneal cavity of uPA/SCID mice or the penile
vein of recipient rats. Signal intensity was quantified as photon flux
in units of photons (s/cm?/steradian) in the region of interest.

ELISA for Serum Rat Albumin Levels

Blood samples were obtained from uPA/SCID mice for 3
months after hepatocyte transplantation and Nagase analbuminemia
rat recipients for 4 months after chimeric liver transplantation. To
examine hepatic functions specific to CLs in our model with an intact
recipient liver, we measured serum rat albumin using a Rat Albumin
ELISA KIT (AKRAL-120, Shibayagi, Japan).

Histological Analyses

Tissue samples were fixed in 10% formalin for hematoxylin-
eosin staining, and 10-um thick sections were used. For X-gal and
immunohistochemical staining, 4%-paraformaldehyde-fixed frozen
samples were sliced into 4-pum thick sections. X-gal analyses were
performed as previously reported.'* Immunohistochemical analyses
of the CL grafts were performed before and 2 days after the host left
lobectomy with anti-Ki67 rabbit polyclonal antibody (RB-1510-P,
Thermo Fisher Scientific, CA). Fifteen random views of each sample
were obtained and Ki67-positive hepatocytes were separately counted
in areas (mm?) with viable hepatocytes using image software (Scion
Image; Scion, MD).
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Ultrasonographic Analyses

Blood flow velocities were measured using an ultrasound sys-
tem (Prosound SSD-&5; ALOKA, Japan). Velocity was quantified in
unit of cm/second.

Statistical Analyses

We performed statistical analyses using StatView5.0 (SAS,
NC). We used the analysis of variance test and Holm-Sidak as a post
hoc test. Data are presented as the mean &= SEM, with values of P <
0.05 considered to be statistically significant.

RESULTS

Development of CL Grafts in Mice

On the basis of the repopulation of transplanted rat hepatocytes
in uPA/SCID mice, the spreading of positive areas was observed us-
ing in vivo bioluminescent imaging (Fig. 2A). Luminescent fluxes
increased rapidly and reached a plateau for approximately 3 months
after hepatocyte transplantation (Fig. 2B). Moreover, serum rat al-
bumin concentration on day 30 was significantly higher than that on
day 5, then remained until day 85 (Fig. 2C). Luminescent fluxes and
albumin concentrations were strongly correlated (Spearman correla-
tion coefficient r = 0.86, P < 0.0001), suggesting that luminescence
reflected CL function. The appearance was that of a normal mouse
liver (Fig. 2D). Although hematoxylin-eosin staining showed normal
histological structures, X-gal staining revealed that the mouse hepatic
parenchyma was nearly entirely replaced by LacZ-positive rat hepa-
tocytes, except for the other hepatic components, such as the vessels
and bile ducts in Glisson capsules (Fig. 2E).

Graft Viability After Auxiliary Transplantation
In the TAC(—)CPA(—) group, luminescence vanished rapidly
until day 5 after Chimeric liver transplantation, whereas it was stably

maintained for 4 weeks in both TAC(+)CPA(—) and TAC(+)CPA
(+). There was no significant difference between those 2 groups

(Fig. 3A).

Histological Analyses of Transplanted CL Grafts
Hematoxylin-eosin staining showed massive necrosis and de-
struction of the arrangement of the hepatic lobules in TAC(—)CPA(—)
on day 5 (Fig. 3B). In contrast, TAC(+)CPA(—) on day 7 showed
maintenance of those, even with massive cellular infiltration from
the Glisson capsules to the central areas (Fig. 3C). Furthermore, in
TAC(+)CPA(+), the hepatic structures were maintained with fewer
rejection changes (Fig. 3D). Even on day 14, the TAC(4+)CPA(+)
protocol protected the CL from severe xenobiotic rejection, with only
moderate cellular infiltration in the Glisson capsules (Fig. 3E).

Long-Term Patency of Reconstructed Vessel
Circulations

Doppler ultrasonography showed the flow patterns of the ar-
terial inflow and venous outflow in the transplanted CLs on days 14
and 188 in the TAC(4-)CPA(—) group. Peak velocities on day 14 were
34.2 (artery) and 9.9 (vein) cm/s, whereas those on day 188 were 12.5
and 3.4 cm/s, respectively (See Figure, Supplemental Digital Content
3, available at http://links.lww.com/SLA/A257).

Long-Term Maintenance of Secretion of Rat
Albumin in Nagase Analbuminemia Rats

Although serum rat albumin concentrations in Nagase anal-
buminemia rat recipients were undetectable before Chimeric liver
transplantation, the transplanted CLs produced albumin on day 5
and then maintained production for 4 months, with maintenance of
luminescence under the TAC(+)CPA(—) protocol (Fig. 4A).
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FIGURE 2. Development of CL grafts
in UuPA/SCID mice. A, Spread of
luminescence-positive area. B, Lumi-
nescence after hepatocyte transplanta-
tion in 3 independent series. n as indi-
cated; values are shown as the mean
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on day 85. C, Production of rat albu-
min by transplanted rat hepatocytes in
mice (n = 12). *P <0.01; Values are
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Scale bar = 10 mm. E, hematoxylin-
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FIGURE 3. Viability of transplanted
CL grafts in wild-type LEW rat re-
cipients. A, Luminescence from trans-
planted CLs. Each in vivo luminescent
image is representative of 3 indepen-
dent groups. n as indicated. B-E, His-
tological analyses of transplanted CLs.
The figures present independent recip-
ients. B, Graft with TAC(—)CPA(-) on
day 5. C, Graft with TAC(+)CPA(-) on
day 7. D, Graft with TAC(+)CPA(+) on
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Self-Regenerative Capacity of Transplanted CL

Ki67 immunohistochemical analyses revealed that Ki67-
positive cells were significantly increased in the CLs and in the rem-
nant native livers at 2 days after the left lobectomy in the recipients,
as compared with those sampled before the hepatectomy (Fig. 4B-F),
suggesting the proliferative potential of the transplanted CLs.

DISCUSSION

The chronic shortage of liver grafts has led to extended criteria
for grafts from both deceased!®?° and living donors,” along with
ethical issues related to organ trafficking and transplant tourism.??
Although alternative therapies, such as hepatoczyte transplantation,?
transplantation from non-heart beating donors,?* bioartificial liver,?
and xenotransplantation,?®?’ have been intensively investigated to
address this situation, none has been found practical because of low
stability, low availability, and high antigenicity.

Regenerative approaches have recently been applied to de-
velop engineered organs by focusing on native organs as scaffolds.
An approach using a decellularized organ matrix enabled regenera-
tion of syngeneic cells in an animal model,**¢ though cell repopu-
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lation efficiency was still low in ex vivo conditions. Another study
injected blastocysts with xenogeneic pluripotent stem cells to pro-
duce a chimeric pancreas in a rodent model.” However, ubiquitous
chimerism in scaffold animals has led to ethical concerns about the
formation of chimeric brains and genitalia. Thus, effective and organ-
specific engineering is required.

We have developed a strategy to create engineered chimeric
“organ” livers with autologous or allogeneic human hepatocytes
and other nonparenchymal components from xenogeneic scaffolds
in transgenic pigs. This method enables utilization of patent hepa-
tocytes and allogeneic donor cells, and the organogenetic potential
in living animals contributes to rapid and timely production of CLs.
Moreover, pretreatment with drugs or gene induction in the donor
animal may be useful before transplantation.

In this study, we successfully created a rodent model to gener-
ate organ-specific engineered CLs, followed by their transplantation.
CLs were created in uPA/SCID mice, whose native hepatocytes are
injured through accumulation of urokinase-type plasminogen and
provide a favorable niche for effective repopulation of transplanted
hepatocytes from rats®® and humans,'! with a replacement rate greater
than 90%.!2 Using hepatocytes derived from transgenic rats with
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luciferase or LacZ genes, we found that transplanted hepatocytes
in mice spread promptly and stably maintained their viability. Rat
albumin production and histological analyses also indicated stable
functions and structures of the CLs. These results demonstrated the
advantages of CLs with effective productivity and maintenance. Be-
cause the CLs were one-eighth smaller than the rat native livers, we
transplanted in an auxiliary manner without a hepatectomy or re-
moval of the recipient liver. In addition, we removed the recipient’s
left kidney to utilize the left renal artery and vein as afferent and
efferent vessels, respectively. We considered that a left nephrectomy
would not have a large impact on our aim to investigate chimeric
liver transplantation feasibility, whereas it might have an influence
on recipient’s survival. Moreover, though clinical liver transplanta-
tion and most rat liver transplantation models reconstruct portal vein
circulation, we left it unanastomosed, as we previously reported in a
rat auxiliary liver transplantation model,!” in which the transplanted
livers maintained their histological structure.

This analysis revealed severe rejection toward xenogeneic com-
ponents, resulting in disappearance of luminescence in CLs without
immunosuppression. Because humoral rejection was suspected in
xenorejection toward the vascular endothelium,?® we used cyclophos-
phamide to suppress antibody production in addition to tacrolimus.'®
Our results showed improvement in graft survival in the immuno-
suppressed groups. TAC(+)CPA(+) showed higher luminescence as
compared with TAC(+)CPA(—), though there was no statistical dif-
ference between them. On the other hand, histological results showed
the superiority of TAC(+)CPA(-+). We speculated that these findings
indicated antibody-mediated rejection even in Chimeric liver trans-
plantation and that appropriate combination therapies might improve
graft survival. Although we previously hypothesized that syngeneic
parenchyma might function to protect against rejection toward xeno-
components,* the reaction to mouse-origin tissues remained with-
out obvious evidence of attenuation. Further studies to investigate
the effects of hepatocytes and specific targets of rejection are re-
quired, including those that focus on other aspects such as genetic
expressions.>!

In clinical liver transplantation, thrombotic events can result
in graft failure.3? Ultrasonography showed arterial and venous flow
in transplanted CLs even after 6 months, which indicated patency of
the anastomosed vessels. We also investigated rat albumin in Nagase
analbuminemia rat recipients and demonstrated stable production for
a long period. Although the liver possesses a variety of functions
and markers,>-® albumin analysis showed functions specific to trans-
planted CLs in Nagase analbuminemia rats with intact livers, which
functioned normally except for albumin production. We regarded this
result to be preferable in regard to our aim to investigate the feasibil-
ity of Chimeric liver transplantation to show those functions in vivo.
Interestingly, we found stable luminescence in transplanted CLs of
Nagase analbuminemia rat recipients whose hepatocytes were allo-
geneic to those of other recipients (RT1! vs RT1%), suggesting the
possibility of a hepatocyte bank for use in producing CLs in clinical
settings.

Ki67 analyses showed that hepatocytes in the transplanted CLs
maintained proliferation potential. Patients with end-stage liver dis-
ease are thought to manifest increasing serum hepatotropic growth
signals, such as hepatocyte growth factor.®® It is expected that CLs
will have the potential to respond to such signals to maintain and
improve viability after transplantation.

Judging from recent technological achievements in transgenic
animals, and ethical issues related to primate usage and practical
issues of availability and body size, transgenic pigs represent a ma-
jor candidate for scaffold animals. Although transgenic pigs such
as alpha-1,3-galactosyltransferase gene knockout and human decay
accelerating factor transgenic pigs show reduced immunological re-
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sponses toward the host, complete rejection suppression remains dif-
ficult and development of appropriate immunosuppressive protocols
is important. Moreover, replacement of nonhepatocyte components,
especially vascular endothelium, in the CLs of scaffold pigs or devel-
opment of humanized pigs is expected. However, utilization of xeno-
geneic porcine scaffolds raise concerns about xenozoonosis such as
porcine endogenous retrovirus,>>> though the practical possibility
of transmission remains uncertain and some reports have shown re-
sults without obvious infection.?® Nevertheless, cautious and longer
investigations are indispensable to secure patient safety.

Although further studies that compare conventional liver trans-
plantation models with this model and larger animal models are
needed, the realization of this bioengineering strategy with cell
sources and transgenic animals might ultimately lead to replacement
of human grafts and achievement of liver transplantation without hu-
man donors. These results should provide an important contribution
toward scaffold-focused engineering of livers and engineered organ
transplantation.

CONCLUSIONS

Engineered CLs were successfully transplanted and showed
maintenance of function and structure for a long period. Our results
suggest that such CLs have potential to be utilized as alternative
grafts. .
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Abstract

AIM: To establish an animal model with human hepa-
tocyte-repopulated liver for the study of liver cancer
metastasis.

METHODS: Cell transplantation into mouse livers was
conducted using alpha-fetoprotein (AFP)-producing hu-
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man gastric cancer cells (h-GCCs) and h-hepatocytes
as donor cells in a transgenic mouse line expressing
urokinase-type plasminogen activator (uPA) driven by
the albumin enhancer/promoter crossed with a severe
combined immunodeficient (SCID) mouse line (uPA/
SCID mice). Host mice were divided into two groups (A
and B). Group A mice were transplanted with h-GCCs
alone, and group B mice were transplanted with h-GCCs
and h-hepatocytes together. The replacement index
(RI), which is the ratio of transplanted h-GCCs and
h-hepatocytes that occupy the examined area of a his-
tological section, was estimated by measuring h-AFP
and h-albumin concentrations in sera, respectively, as
well as by immunohistochemical analyses of h-AFP and
human cytokeratin 18 in histological sections.

RESULTS: The h-GCCs successfully engrafted, repopu-
lated, and colonized the livers of mice in group A (RI
= 22.0% = 2.6%). These mice had moderately dif-
ferentiated adenocarcinomatous lesions with disrupted
glandular structures, which is a characteristics feature
of gastric cancers. The serum h-AFP level reached
211.0 &+ 142.2 g/mL (range, 7.1-324.2 g/mL). In group
B mice, the h-GCCs and h-hepatocytes independently
engrafted, repopulated the host liver, and developed
colonies (RI = 12.0% + 6.8% and 66.0% * 12.3%,
respectively). h-GCC colonies also showed typical ade-
nocarcinomatous glandular structures around the h-he-
patocyte-colonies. These mice survived for the full 56
day-study and did not exhibit any metastasis of h-GCCs
in the extrahepatic regions during the observational pe-
riod. The mice with an h-hepatocyte-repopulated liver
possessed metastasized h-GCCs and therefore could be
a useful humanized liver animal model for studying liver
cancer metastasis /n vivo.

CONCLUSION: A novel animal model of human liver
cancer metastasis was established using the uPA/SCID
mouse line. This model could be useful for /in vivo test-
ing of anti-cancer drugs and for studying the mecha-
nisms of human liver cancer metastasis.
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Tumor metastasis, which is defined by a process in which
tumor cells originating from an organ invade another an-
atomically distant organ, is the leading cause of cancer-
related mortality™?. One of the major target organs for
cancer metastasis is the ].iver[l'sl, and therefore there is
increasing need for animal models that accurately mimic
the pathophysiological situations in human liver and are
suitable for investigating the mechanisms of hepatic
cancer metastasis. In fact, several studies have attempted
to transplant metastatic h-tumor cells into the livers of
the immuno-compromized mice, such as athymic nude
mice!, which cannot generate T cells, severe combined
immunodeficient (SCID) mice that lack mature B and
T cells®”, and NOD/SCID/™ (NOG) mice®™, which
are deficient in T, B, and natural killer cells, and have im-
paired dendritic cells. In these animal models, the trans-
planted h-tumor cells invade the hepatic parenchyma,
which is composed of mouse hepatocytes that are phy-
logenetically distant from h-hepatocytes and are known
to exhibit biological and pathological features that are
different from the human counterpart.

Heckel ¢t a/'” established transgenic mice expressing
urokinase type plasminogen activator (uPA) under the
control of the albumin (Alb) enhancer/promoter and
found that the m-hepatocytes were constitutively dam-
aged due to constant exposute to the expressed uPA. In
another study, a mouse line possessing a humanized liver
(chimeric mouse) was generated by transplanting healthy
and normal h-hepatocytes into the liver of the immuno-
and liver-compromized mouse, which was created by
mating the uPA-Tg mouse with the SCID mouse (uPA/
SCID mouse) N

We previously developed chimeric mice where the
liver was stably and reproducibly replaced with h-hepato-
cytes and found that the occupancy ratio or replacement
index (RI) in the parenchyma was quite high (> 90%)
in best cases"”. Human hepatocytes in the chimeric
m-liver have been intensively and extensively character-
ized based on normal hepatic phenotypes, such as expres-
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sion profiles of cytochrome P450, the major xenobiotic-
metabolizing enzymes, drug-metabolizing capacities, and
hepatitis virus infectivity"'>"". Based on these studies,
which indicate that a chimeric m-liver can appropriately
recapitulate the characteristics of h-liver, we hypothe-
sized that the chimeric mouse as an animal model can be
used to investigate the underlying mechanisms of tumor
metastasis into the liver where the parenchyma is largely
composed of normal and healthy h-hepatocytes.

In the present study, we established a chimeric mouse
as a novel experimental model that sufficiently mimics
the pathophysiological micro-environment in h-liver for
studying liver cancer metastasis.

This study was approved by the Ethics Committee of
the National Hospital Organization, Nagasaki Medical
Centet, the Hiroshima Prefectural Institute of Industrial
Science and Technology Ethics Board, and the Phoenix-
Bio Ethics Board. This study was conducted in accor-
dance with their guidelines.

Animals

The uPA/SCID mice were generated and used as trans-
plant hosts once they reached an age of 24-32 d old as
previously described "5 The mice were maintained in
the laboratory in a specific pathogen-free environment
in accordance with the guidelines of the Hiroshima Pre-
fectural Institute of Industrial Science and Technology
Ethics Board as well as the PhoenixBio Ethics Board.

Cancer cells

Human gastric cancer cells (h-GCCs) were purchased
from the Japanese Collection of Research Biosources
(Osaka, Japan) and used as liver metastatic cancer cells.
These cells are adenocarcinoma cells derived from hu-
man gastric cancer cells that produce alpha-fetoprotein
(AFP) and have a high affinity for liver tissue"*'®. The
cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Sigma Chemical Co., St. Louis, MO, United States)
containing 10% fetal bovine serum (Sigma Chemical Co.,
St. Louis, MO, United States) in an atmosphere of 95%
air and 5% COzat 37 C.

Cell transplantation into the uPA/SCID

Human GCCs were suspended at a concentration of 1
% 10’ cells/mL and placed on ice until transplantation.
Cryopreserved h-hepatocytes detived from a 6-year-old
African female were purchased from BD Biosciences (San
Jose, CA, United States), thawed in a 37 'C watet bath,
rapidly diluted with culture medium at 4 'C, and washed
twice to remove the cryopreservation solution. The cell
viability was assessed by a trypan blue exclusion test.
The uPA/SCID mice were anesthetized with ether and
then were intrasplenically injected with the h-hepatocytes
as previously described"?. Blood samples, 5 pL each,
were periodically collected from the host tail-vein for
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Experimental Transplanted WNo. of Serum concentration

groups cells animals h-Alb (mg/mL) h-AFP (mg/mL)
A h-GCCs 4 uD 7.1-324.2
(211.0+1422)
B h-GCCsand 6 0.03-9.1 0.3-126.1
h-hepatocytes (31£35) (54.3 £ 60.7)

The numerals represent the range of the concentrations and those in the
parentheses indicate the mean + SD. h-GCCs: Human gastric cancer cells;
h-Alb: Human albumin; h-AFP: Human alpha-fetoprotein; h-hepatocytes:
Human hepatocytes; UD: Undetectable.

determining concentrations of human albumin (h-Alb)
and human AFP (h-AFP) using an h-Alb enzyme-linked
immunosorbent assay quantification kit (Bethyl Labo-
ratories Inc., Montgomery, TX) and an h-AFP enzyme
immunoassay test kit (Hope Laboratores, Belmont, CA,
United States), respectively.

Histological and immunohistochemical evaluation of the
m-liver

Liver tissue specimens were removed from the trans-
planted mice, paraffin-embedded, sectioned at a 4 um
thickness, and stained with hematoxylin and eosin (H
and E). Human hepatocyte-colonies were identified by
staining the sections with mouse monoclonal antibodies
against human-specific cytokeratin 18 (h-CK18) (DAKO,
Glostrup Denmark). Human GCCs in the m-liver were
identified by h-AFP staining with a polyclonal Ab (Novo-
castra Laboratories Ltd, United Kingdom). The sections
were treated with a biotinylated, goat anti-rabbit IgG
for h-CK18 and rabbit anti-m-IgG (DAKO, Glostrup
Denmark) for h-AFP. All of the tissue specimens or cells
were counterstained with H and E.

Determination of h-hepatocytes and h-GCCs
repopulation of the uPA/SCID m-liver

Serial liver sections were double immunostained for
h-CK18 and h-AFP to identify h-hepatocytes/h-GCCs
and h-GCCs, respectively. The extent of repopulation
of h-hepatocytes and h-GCCs in the chimeric mouse
liver was determined as the RI, which is the occupational
ratio of the transplanted cells in the examined area of
histological sections, as previously described"?. The RI
of h-hepatocytes (RInhepaocytes) in the uPA/SCID m- liver
was determined using h-CK18 as a maker to histologi-
cally identify h-hepatocytes. When appropriate, the RI
for h-GCCs (RIncces) was referred to as the metastatic
index (MInGecs) in this study. Human hepatocytes and
h-GCCs were identified on histological sections as the
h-CK18-positive (h-CK18") and h-AFP-negative (h-
AFP) cells and the h-CK18" and h-AFP” cells, respec-
tively. The RInhepatocytes and MIn-gee of the m- livers were
calculated as the ratio of the “h-CK18" /h-AFP™ and
“h-CK18"/h-AFP™ areas to the entire examined area
of the sections, respectively.
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Experimental groups

The uPA/SCID mice were divided into two groups (A
and B groups). Four uPA/SCID mice in group A were
each injected with 1 X 10°h-GCCs. Six mice in group B
were co-transplanted with 7.5 X 10° h-hepatocytes and
h-GCCs each. The blood h-Alb and h-AFP concentra-
tions were periodically monitored after cell transplanta-
tion. The mice were euthanized at the termination of
the experiments and their livers, spleens, and lungs were
microscopically examined to identify any metastasis of
h-GCCs.

RESULTS

Group A experiment

Human GCCs were transplanted into the livers of uPA/
SCID mice and euthanized 56 d after transplantation.
Human GCC colonies were macroscopically distinguish-
able from the host m-liver cells as brown colored regions
(Figure 1A). Histological examinations showed that
these areas contained h-GCC colonies and host m-liver
cells composed of m-parenchymal and m-nonparen-
chymal cells (Figure 1B). The whitish or pale regions
observed in Figure 1A were composed of only m-liver
cells. The specimens were also stained for h-AFP to de-
fine h-GCCs (Figure 1C and D). Human GCCs formed
colonies with well-developed glandular structures, which
is a characteristic feature of gastric cancer. The serum
concentrations of h-AFP increased to 211.0 £ 142.2
g/mL (range 7.1-324.2 g/mL, Table 1), which reflected
the repopulation of h-GCCs in the liver, since serum
h-AFP was undetectable in uPA/SCID mice without
transplantation of h-GCCs (data; not shown). The MI
of h-GCCs (MIn.cec) was 22.0% T 2.6% at the termina-
tion of the experiment 56 d post-transplantation.

Group B experiment

Both h-hepatocytes and h-GCCs were simultaneously
transplanted into six uPA/SCID mice. The serum con-
centrations of h-Alb and h-AFP monitored after the cell
transplantation (Figure 2). These protein levels were vari-
able among individual mice, and three mice (No. 1-3) had
substantially elevated h-Alb levels over the 56-d study. In
addition, these mice exhibited RIhhepatocyres > 70% based
on the correlation graph between h-Alb concentrations
and RIS]I-hcpatxx)’:es[121< These hosts also had markedly el-
evated h-AFP concentrations. In particular, mice No. 1
and 2 showed the highest h-Alb levels (approximately 9.1
mg/mL) and h-AFP concentrations (approximately 126.1
mg/mL) at 56 d post-transplantation (Table 1; Figure 2).
As shown in Figure 3A, mouse 1 had the highest h-Alb
and h-AFP levels, and the liver was composed of brown
and whitish regions indicated by the thick and the thin
arrows, respectively, which corresponded to the colonies
composed of both h-hepatocytes and h-GCCs or m-liver
cells, respectively. The brown region in the liver shown in
Figure 3A was sectioned and stained with H and E (Figure
3B), anti-h-CK18 Abs to 1dentify both h-hepatocytes and
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Figure 1 Macro- and microscopic images of the liver from group A mice. A: The urokinase-type plasmincgen activator/severe combined immunodeficient mouse
mice were transplanted with human gastric cancer cells (h-GCCs) and euthanized 56 d later, at which time the livers were isolated and photographed; B: The amows in A
point to concentrated regions of h-GCC colonies, and the sections were stained with hematoxylin and eosin (H and E). H and M in B represent h-GCC colonies and m-liver
cell regions, respectively; C: The sections were stained with anti-human alpha-fetoprotein (h-AFP) antibodies; D: The square region in C is enlarged and shown.

Figure 2 Changes in the serum con-

centrations of human albumin and
2 human alpha-fetoprotein in group
B-mice. Six mice (No.1-6) were co-trans-
planted with h-hepatocytes and human
gastric cancer cells. The serum levels of
human albumin (h-Alb) (left panel) and
human alpha-fetoprotein (h-AFP) (right
panel) were periodically monitored after
the cell transplantation.
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h-GCCs (Figure 3C), and the anti-h-AFP Ab to identify
h-GCCs (Figure 3D). A comparison of Figure 3B and
C showed that most of the section from Figure 3B was
occupied with h-CK18" cells, which corresponded to the
cells in the less eosinophilic areas of the H and E sec-
tion. Human CK18 m-liver cells were located in eosino-
philic areas in the H and E section, which were sporadi-
cally distributed as clusters with variable forms among
large engrafted h-cell colonies. Human-AFP" h-GCC-
colonies were distinguished by comparing Figure 3B-D.
These colonies were surrounded with less eosinophilic
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Weeks post-transplantation

h-hepatocytes (Figure 3D) that were swollen and clearer
(Figure 3B and C). Magnified views of the brown area
obtained from another serial sections of the liver shown
in Figure 3A are shown in Figure 4A (H and E) and Fig-
ure 4B (h-AFP-stain). Human GCCs formed moderately
differentiated adenocarcinomas with disrupted glandular
structures, which is a characteristic feature of gastric
cancer. Morphometric analyses using these h-CK18-
and h-AFP-stained serial sections indicated that the RIn
heparocyee and MIn-Gec in group B mice was 66.0% £ 12.3% (»
= 6) and 12.0% % 6.8% (# = 6), respectively. The mice in
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Figure 3 Macroscopic image of the liver of mouse No. 1 from Figure 2 at 56 d post-transplantation. A: The thick and thin white arrows point to h-cells fhuman
hepatocytes (h-hepatocytes) and human gastric cancer cells (h-GCCs)] and m-liver cell regions, respectively; B: The liver was sectioned and stained with hematoxylin
and eosin (H and E); C: The liver was sectioned and stained with anti-h-CK18; D: The liver was sectioned and stained with anti-human alpha-fetoprotein (h-AFP) anti-
bodies. The h-AFP + (h-GCC) colonies were surrounded by less eosinophilic h-hepatocytes.

Figure 4 Magnified images of hepatic histology from group B mice. A: A serial section of the liver in Figure 3 was subjected to hematoxylin and eosin (H and E); B:
A serial section of the liver in Figure 3 was subjected to human alpha-fetoprotein (h-AFF) staining. H, G and M represent the areas occupied by human-hepatocytes,
human gastric cancer cells (h-GCCs), and host m-liver cells, respectively. h-GCCs composed moderately differentiated adenocarcinoma with disrupted glandular

structures.

group B survived for the entire 56 d study. Extrahepatic
sites and organs, such as the peritoneal cavity and kid-
ney, were also examined for the presence of metastatic
h-GCC lesions. The metastatic h-GCCs were not found
in the extrahepatic regions during the observational pe-
riod, indicating that the cells did not metastasize to any
other regions.

DISCUSSION

An ideal animal model for liver metastasis of h-cancer

(44
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cells should possess at least two key features. First, the
transplanted cancer cells need to invade and colonize in
the host liver. Second, the liver of the host model has to
provide the human cells with appropriate pathophysi-
ological microenvironments that recapitulate the h-liver
in vivo. Most of the conventional models to date mani-
fest the first feature, but none of them have been able
to sufficiently recapitulate the microenvironment of the
h-liver *9. In the present study, we established a unique
and novel that possessed both of these features,

In our study, we successfully engrafted the liver with
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h-GCCs in the group A mice, and the cells formed rela-
tively large colonies, with the MI as high as 25% at 56 d
post-transplantation. However, such a considerably high
MI could be a result of effects from either the donor
or host side of the model. We chose h-AFP* h-GCCs
as a metastatic cancer cell line, since previous studies
reported that patients with AFP” gastric cancer showed
a higher liver MI than those with AFP™ cells; more than
70% of the patients developed liver metastasis'"®'".
These AFP" cancer cells express c-Met'"”, which is the
receptor for human hepatocyte growth factor (HGF),
and therefore it is plausible that the cells have a high af-
finity for liver tissues under conditions where the levels
of activated HGF in these tissues become high *’. In the
present study, we utilized the uPA/SCID mice as hosts,
which possessed a uPA transgene product that continu-
ously damages the hepatocytes. In this model, the host
hepatocytes generate pro-inflammatory environments in
the liver, which stimulates the mobilization and expres-
sion of HGF in the liver tissues, including hepatocytes.

The role of uPA is an important aspect in this
model. The host m-hepatocytes express unusually high
levels of uPA, which is thought to induce severe dam-
age in the replicative ability of m-hepatocytes through
the activation of plasminogen, fibrinogen, and other
proteins within the rough endoplasmic reticulum (RER)
involved in proteolysis that lead to functional defects of
the RER®. In addition, uPA is secreted from m-hepa-
tocytes into the plasma'"’, indicating that it circulates to
liver tissues through sinusoidal capillaties and activates
the conversion of blood plasminogen to plasmin. There-
fore, the host liver tissue may provide h-GCCs with a
pro-metastatic-like microenvironment. In fact, previous
studies have indicated that uPA and its receptor (uPARP
play critical roles in the extravasation of tumors™ ™
Therefore, the injected h-GCCs are prone to extravasate
liver tissues through the portal vein and sinusoid because
of the uPA-induced fragility of vascular and sinusoidal
endothelia and subsequently engraft liver tissues through
an affinity for c-Met. Once the h-GCCs invade liver tis-
sues, they can relatively easily propagate due to c-Met
signaling in the host parenchyma, and can consequently
replace m-hepatocytes as a result of the uPA-mediated
damage. These conditions are also convenient for en-
graftment and proliferation of normal, healthy h-he-
patocytes, as shown in this study when co-transplanted
with h-GCCs.

The co-transplantation of h-hepatocytes with
h-GCCs also resulted in the development of metastatic
colonies in the mice similar to the transplantation of
h-GCCs alone. In this type of transplantation experi-
ment, large variances in serum concentrations of re-
placement marker proteins (h-Alb and h-AFP) were
observed. The h-AFP kinetic curves were different from
those of h-Alb and exhibited an increase of the serum
level through “three steps”: initial increase, followed
by a plateau or decline, and then a sharp increase. This
complex h-AFP kinetic pattern suggests the presence

(4%
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of interactions between the invading cancer cells and
the accepting host cells. There seemed to be two groups
of animals within the experimental groups, one that
more easily accepted xenogeneic cells and another that
demonstrated resistance. However, we have consistently
observed similar variances in h-Alb levels among indi-
vidual mice when we generated h-hepatocyte chimeric
mice', though inbred mice were used as hosts. These
variances are accidental in nature and might originate
from some differences in manipulation procedures for
transplantation as well as uncontrollable differences in
the phenotypes of the uPA Tg mice"”. Despite these
variances at the individual level, experimental group B of
this study clearly demonstrated that we wete able to re-
producibly create mice whose livers were co-repopulated
with healthy, normal h-hepatocytes and h-GCCs. Both
h-hepatocytes and h-GCCs have high affinities for liver
tissue, which drives engraftment of the liver and results
in the generation of a humanized liver with metastatic
cancer cells. We also found that the RInhepatocyre (66.0%
12.3%) was significantly higher than MIhcce (12.0% *
6.8%), which may be a reflection of the difference in the
inherent replication rates of the cells and adaptability
to the host liver tissues. Our results indicate that h-he-
patocytes are, as a whole, superior to h-GCCs in colony
growth.

Relevant and reproducible animal models are indis-
pensable tools for deducing the mechanisms of liver
metastasis and pharmacokinetics of anti-cancer drugs,
and several models have been developed to meet these
practical needs, though they are quite limited®*?",
Preclinical tests of anti-cancer drugs for their effective-
ness and toxicity in relevant animal models are required
prior to application in humans®". Toxicity data from
non-primate species have been quite poor at predicting
outcomes in subsequent human clinical tials, since there
are significant differences in the metabolic activities of
the hepatocytes between humans and rodent®™ >, There-
fore, animal models with a humanized liver are more
physiologic and will provide better tools for analyzing
the pharmacokinetics of anti-cancer drugs as well as
studying cancer metastasis” . To our knowledge, no
intrahepatic metastatic cancer model with a humanized
liver has been available to date™***", The m-liver in
the present study was chimeric and was composed of
normal h-hepatocytes and m-hepatocytes. Previous stud-
ies have reported that the h-hepatocytes in these chime-
ric livers are functional and secreted a variety of hepatic
proteins, such as Alb, -1 antitrypsin, apolipoprotein A,
apolipoprotein E, several clotting factors, and comple-
ment proteins present in h-plasma[3s]. Transplanted
h-hepatocytes also retain normal pharmacological re-
sponses, which makes the chimeric mouse model useful
for studying the metabolism of compounds that cannot
be easily administered to healthy volunteers"*"”. I siso
studies using these mice showed their utility in evaluating
the metabolism of drugs catalyzed by both phase I and
phase I enzymes“s"s'”‘m]. Since the liver functions of
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the chimeric mice desctibed in this study have not yet
been characterized, future studies are needed to assess
the model for anti-cancer drug testing. Taking together,
the h-hepatocyte-chimeric mice may provide a useful
bridge for studying human liver-related diseases because
of the similarities with humans in physiological function
and drug kinetics.

In conclusion, we have established a unique and
novel animal model for studying liver cancer metastasis.
The chimeric liver of the uPA/SCID mouse contain-
ing both human cancer cells and hepatocytes could be
utilized as an appropriate model for iz vivo testing of
the efficacy and human-type metabolisms of candidate
drugs for anti-cancer treatment as well as studying the
mechanisms of liver cancer metastasis.

We thank all of our colleagues in CLUSTER-Yoshizato
Project for providing support for the experiment and
preparation of manuscript.
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Background

One of the major target organs for cancer metastasis is the liver, and therefore,
there has been increasing needs for animal models that can sufficiently mimic
the pathophysiological situation in human liver and that are suitable for investi-
gating the mechanisms of hepatic cancer metastasis.

Research frontiers

An ideal animal model for liver metastasis of human cancer cells should pos-
sess at least two key features. First, the fransplanted cancer cells need to in-
vade and colonize the liver of the host. Second, the liver of the host model has
to provide the human cells with appropriate pathophysiological microenviron-
ments that recapitulate the human liver in vivo. In the present study, the authors
established a unique and novel animal model with both of these features.
Innovations and breakthroughs

A liver-humanized mouse was generated by transplanting healthy and normal
h-hepatocytes into urokinase type plasminogen activator/severe combined im-
munodeficient (uPA/SCID) mice (immuno- and liver- compromized mice), and
the liver was stably and reproducibly replaced with human hepatocytes. This is
the first report of a novel experimental model that sufficiently mimics the patho-
physiological situation of human liver.

Applications

The chimeric liver of the uPA/SCID mouse containing both human cancer cells
and hepatocytes could be utilized as an appropriate model for the in vivo test-
ing of anti-cancer drugs as well as studying the mechanisms of liver cancer
metastasis.

Terminology

The uPA/SCID mouse is a transgenic mouse line that expressed uPA under the
control of the albumin enhancer/promoter which consfitutively damages the he-
patocytes due to constant exposure to uPA. A liver- humanized mouse (chimeric
mouse) was generated by fransplanting healthy and normal human hepatocytes
into mouse liver of the uPA/SCID mouse (immuno- and liver-compromized
mouse), which had been generated by mating the uPA-Tg mouse with the SCID
mouse. This mouse model sufficiently mimics the pathophysiological situation
in human liver.

Peer review

This study tries to establish an animal model with h-hepatocyte-repopulated liver
for in vivo study of liver cancer using uPA/SCID mouse, which could be useful
for studying liver cancer metastasis. The authors transfected uPA/SCID mouse
gither with human gastric cancer cells (h-GCCs) or h-GCCs with h-hepatocytes
and observed that both colonies can repopulate mouse liver. The study is well
conducted, the manuscript is well-written and the figures are of good quality.
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Abstract

Background: miRNAs are non-coding RNAs that regulate gene expression in a wide range of biological contexts,
including a variety of diseases. The present study clarified the role of miR-214-5p in hepatic fibrogenesis using
human clinical tissue samples, livers from rodent models, and cultured hepatic stellate cells.

Methods: The expression of miR-214-5p and genes that are involved in liver fibrosis were analyzed in hepatitis C
virus-infected human livers, rodent fibrotic livers, a human stellate cell line (LX-2), and the cells from intact mouse
livers using real-time PCR. The effect of miR-214-5p overexpression in LX-2 cells on cell function was investigated.
Twist-1 expression in the liver tissues of mouse models and primary-cultured stellate cells was also analyzed.
Results: miR-214-5p was upregulated in human and mouse livers in a fibrosis progression—dependent manner.
miR-214-5p expression increased during the culture-dependent activation of mouse primary stellate cells and was
significantly higher in stellate cells than in hepatocytes. The overexpression of miR-214-5p in LX-2 cells increased
the expression of fibrosis-related genes, such as matrix metalloproteinase (MMP)-2, MMP-9, a-smooth muscle actin,
and transforming growth factor (TGF)-f1. TGF-{ stimulation induced miR-214-5p in LX-2 cells. Twist-1 was increased
in fibrotic mouse livers and induced during mouse stellate cell activation.

Conclusion: miR-214-5p may play crucial roles in the activation of stellate cells and the progression of liver fibrosis.
Twist-1 may regulate miR-214-5p expression in the liver, particularly in stellate cells.

Keywords: Collagen, Hepatocyte, Non-coding RNA, Stellate cell, Transforming growth factor-

Background

Liver fibrosis is a consequence of chronic liver trauma
caused by hepatitis B or hepatitis C virus (HCV) infection,
alcohol abuse, or steatohepatitis, which ultimately leads to
liver cirrhosis, liver failure, and hepatocellular carcinoma
[1]. Liver fibrosis is characterized by an abnormal accumu-
lation of extracellular matrix (ECM) components, includ-
ing types I and 1III collagen, laminin, and proteoglycans, in
the liver parenchyma ([2,3]. Transforming growth factor
(TGF)-B, which is produced and released by activated
macrophages and platelets at the site of local inflamma-
tion, is considered to play a primary role in the fibrotic
process [3]. Hepatic stellate cells - which are localized in
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Disse’s space, store vitamin A and act as tissue-specific
pericytes under physiological conditions - undergo activa-
tion and transformation into myofibroblast-like cells that
express a-smooth muscle actin (a-SMA) during persistent
inflammation. The activated stellate cells become an add-
itional source of TGF-f and a principal producer of ECM
components. However, the detailed molecular mechan-
isms of TGF-B production in these cells have not been
determined [4].

miRNAs are 20 to 24 nucleotide non-coding RNAs
that are involved in the post-transcriptional regulation
of gene expression. Mature miRNAs are incorporated
into an RNA-induced silencing complex that recognizes
target mRNAs through imperfect base pairing with the
miRNA. This action triggers the translational inhibition or
destabilization of the target mRNA, which results in the
regulation of crucial biological processes, such as develop-
ment, differentiation, apoptosis and cellular proliferation

© 2012 lizuka et al; licensee BioMed Central Ltd. This is an Open Access anicle distributed under the terms of the Creative
Conmons Attribution License (hitp//creativecommons.ora/licenses/by/2.0), which permits unrestricted use, distribution, and
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Figure 1 miR-214-5p expression in the livers of patients with chronic hepatitis C virus infection. miR-214-5p expression in the livers of 35
hepatitis C virus (HCV)-infected patients was analyzed using real-time PCR. (A) Representative sirius red staining of liver tissues with fibrosis stages
F1-F4 of chronic hepatitis C patients included in this study. (B) miR-214-5p expression in samples from each stage of liver fibrosis (METAVIR
scoring system). The numbers of patients in each stage were: F1, 17; F2, 8 F3, 8; and F4, 2. The Jonckheere-Terpstra test identified trends among
classes. (C) Comparison of miR-214-5p expression in F1/F2 and F3/F4 samples. (D) Comparison of miR-214-5p expression between Fi and F2-4.
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The levels of miR-214-5p expression in B, C and D are indicated relative to F1, F1/F2 and F1, respectively. *P < 0.05.

[5,6]. Aberrant expression of miRNAs in tissues correlates
with a variety of diseases, including proliferative vascular
disease [7], cardiac disorders [8,9], polycystic kidney dis-
ease [10], and cancer [11,12]. Several miRNAs can be used
as biomarkers for cancer [13,14] because miRNA expres-
sion patterns in human cancer are tissue specific [15].

miR-122 is the most abundant miRNA in the liver,
where it regulates fat metabolism and the replication of
HCV in hepatocytes and contributes to carcinogenesis
[16,17]. miR-122 has been used as a novel biomarker for
liver damage in rat models of hepatocellular injury caused
by a methionine- and choline-deficient diet (MCDD),
CCl, or acetaminophen and bile duct ligation [18]. We
previously reported that miR-29b regulates collagen ex-
pression by binding to the 3’-UTR of the type 1 collagen
alpha 1 chain (Collal) and SP1 mRNAs [19], and miR-
29b directly inhibits the activation of mouse stellate cells
in primary culture [20]. It was recently reported that miR-
19b suppresses the activation of stellate cells via the inhib-
ition of TGF-P signaling by interacting with the type II
TGEF-p receptor [21].

miR-214-5p is a product of the 110 bp miR-214 gene in
the intron of the Dynamin-3 gene on human Chromosome
1-NC_000001.10, which produces a mature miRNA with a
sequence of ugccugucuacacuugcuguge [22]. TGF-f induces
miR-214 expression in rat tubular epithelial cells and
mesangial cells [23], and miR-214 interacts with Quaking
to inhibit angiogenesis [24]. However, the pathophysio-
logical roles of miR-214 remain largely unknown. Here,
we report the upregulation of miR-214-5p in a fibrosis
progression—dependent manner in HCV-infected human
livers and in the livers of a rodent fibrosis model.
The role of miR-214-5p in hepatic stellate cell activa-
tion is also discussed.

Results

miR-214 expression in chronic hepatitis C patients

We previously found that, using microRNA array ana-
lysis, miR-221/222 expression was upregulated in a fi-
brosis progression—-dependent manner in human livers that
are chronically infected with HCV [25]. In addition, we
quantitatively confirmed the miR-214-5p expression
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Figure 2 miR-214-5p expression in mouse livers with fibrosis induced by an methionine- and choline-deficient diet. (A) Sirius red
staining (left and middle panels) and a-smooth muscle actin (SMA) immunostaining (right panels) of mouse liver tissues. Collagen deposition and
an increase in a-SMA-positive cells were evident around the central vein area of the liver of mice that received the MCDD for 15 weeks, Scale
bars, 100 pum (left and middle panels) and 200 pm (right panels). P, portal vein. C, central vein. (B) The mRNA expression of a-smooth muscle
actin (a-SMA), the type 1 collagen alpha 1 chain (Col1a1), platelet-derived growth factor receptor (PDGFR)-B, transforming growth factor (TGF)-B1,
fibronectin (FN)1, discoidin domain receptor (DDR)2, and 1 integrin (ITGB1) in fibrotic mouse livers was analyzed using real-time PCR. The results
are expressed relative to mRNA expression at § weeks of the methionine- and choline-control diet (MCCD). *P<0.05. **P < 0.01. (C) miR-214-5p
expression in fibrotic mouse livers was analyzed using real-time PCR. The results are expressed relative to the expression of miR-214-5p at 5
weeks of the MCCD. *P<0.05. **P < 0.01.

levels in 35 HCV patients with individual stages of and was significantly higher in patients with advanced
liver fibrosis (Figure 1A) using real-time PCR. We liver fibrosis than in those with mild fibrosis (F1/F2 ver-
found that miR-214-5p expression increased accord- sus F3/F4: 3.2-fold, P<0.05 F1 versus F2-4: 3.1-fold,
ing to the stage of fibrosis (P=0.000108) (Figure 1B) P <0.05) (Figure 1C,D).
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miR-214 expression in a mouse model of liver fibrosis
Liver fibrosis was induced by feeding mice a MCDD
for 5 or 15 weeks and then compared with mice fed a
methionine- and choline-control diet (MCCD). Sirius red
staining and a-SMA immunostaining confirmed the time-
dependent induction of fibrosis in the liver of MCDD-fed
mice, especially around the central vein area (Figure 2A).
The mRNAs of liver fibrosis factors, such as a-SMA,
Collal, platelet-derived growth factor receptor (PDGFR)-p,
TGF-P1, fibronectin (FN) 1, discoidin domain receptor
(DDR) 2, and B1 integrin (ITGB1), were upregulated in
the livers of MCDD-fed mice compared to MCCD-fed
mice (Figure 2B). miR-214-5p expression was significantly
higher in the livers of MCDD-fed mice than in control
mice (2.1-fold, P<0.01 at 5 weeks; and 4.8-fold, P<0.01 at
15 weeks) (Figure 2C).

miR-214 expression in a rat resolution model of

liver fibrosis

We previously demonstrated the resolution of liver fibro-
sis with steatohepatitis in a rat model induced by giving
MCDD; that is, rats received either MCCD for 10 weeks,
MCDD for 10 weeks, or MCDD for 8 weeks followed by
MCCD for the last 2 weeks (the last of the these being the
recovery group) [26]. miR-214-5p expression was signifi-
cantly greater in the livers of rats that received MCDD for
10 weeks than in those that received MCCD for 10 weeks.
However, these levels returned to control levels in the
livers of rats that received the MCDD diet for 8 weeks fol-
lowed by the MCCD diet for 2 weeks, consistent with re-
covery from the fibrosis (Figure 3). These results clearly
suggest a close correlation between miR-214-5p expres-
sion in the liver, fibrosis development, and fibrosis-related
mRNA expression.

miR-214-5p expression in hepatic stellate cells

We assessed the contribution of activated hepatic stellate
cells to the increase in miR-214-5p in fibrotic mouse
livers. miR-214-5p expression increased during the culture-
dependent activation process in mouse stellate cells (2.7-
fold increase at day 7 compared to day 1, P<0.05)
(Figure 4A). As expected, the induction of miR-214-5p
was accompanied by an increase in the expression of
a-SMA, Collal, PDGFR-f, and FN1 mRNA (Figure 4B).
In addition, miR-214-5p expression was markedly higher
in LX-2, a widely used human hepatic stellate cell line,
than in human liver cancer cell lines such as HepG2 and
Huh7 (108- and 39-fold, respectively) (Figure 4C).

We next isolated individual hepatocytes, non-paren
chymal cells, and hepatic stellate cells from intact mouse
livers to verify the cellular source of miR-214-5p. miR-
214-5p was localized to non-parenchymal cells and hep-
atic stellate cells but expressed at negligible levels in
hepatocytes (Figure 4D). These results suggest that miR-
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Figure 3 miR-214-5p expression in rat livers with fibrosis
induced by a methionine- and choline-deficient diet.
Expression of miR-214-5p in methionine- and choline-deficient
diet (MCDD)-induced liver fibrosis and recovery phase in rats.
The results are expressed relative to the expression of miR-214-5p in
the livers of rats fed the methionine- and choline-control diet (MCCD)
for 10 weeks. MCCD; rats fed MCCD for 10 weeks. MCDD; rats fed
MCDD for 10 weeks. Recover, rats fed MCDD for 8 weeks followed by

L MCCD for 2 weeks, *P<001. j

214 induction in fibrotic livers reflects the number and
activation status of hepatic stellate cells.

The effect of miR-214 overexpression on gene expression
in stellate cells

We investigated the effect of miR-214-5p overexpres-
sion on fibrosis-related gene expression in stellate cells to
clarify the role of this miRNA in stellate cell activation.
miR-214-5p was overexpressed in LX-2 cells by transfec-
tion with an miR-214 precursor. The overexpression of
miR-214 significantly increased the expression of matrix
metalloproteinase-2 (MMP-2), MMP-9, a-SMA, and
TGF-B1 compared to cells transfected with control micro-
RNA (1.7-, 2.8-, 1.7- and 2.0-fold, respectively; P <0.01)
(Figure 5). These results indicate the strong participation
of miR-214 in the activation of stellate cells.

Induction of miR-214 expression by TGF-B1

TGF-B, induces miR-214 expression in rat tubular epi-
thelial cells and mesangial cells [23]. TGF-p, is essential
for hepatic stellate cell activation. We assessed the
stimulatory effect of TGF-p on miR-214-5p expression in
LX-2 cells. TGF-B; (3 and 10 ng/ml) significantly stimu-
lated miR-214-5p expression in LX-2 cells after 24 hours
(1.75-fold, P <0.05)(Figure 6A). In contrast, the expression
of the miR-214/199a cluster is controlled by the transcrip-
tion factor Twist-1 [22]. Real-time PCR analysis revealed
that Twist-1 expression increased in the livers of mice that
received MCDD compared to those of MCCD-fed mice
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Figure 4 miR-214-5p expression in liver cells, including stellate cells. (A) miR-214-5p expression in mouse stellate cells during primary
culture was analyzed using real-time PCR. Stellate cells were isolated from mouse livers and cultured for 1, 4 or 7 days. The results are expressed
relative to the expression of miR-214-5p at day 1. *P < 0.05. (B) The expression of a- smooth muscle actin (a-SMA), the type 1 collagen alpha 1
chain (Col1a1), platelet-derived growth factor receptor (PDGFR)-B, fibronectin (FN)1 and transforming growth factor (TGF)-31 mRNA in primary-cultured
mouse stellate cells was analyzed using real-time PCR. The results are expressed relative to the expression of the same mRNA at day 1. **P< 001.

(C) miR-214-5p expression in HepG2, Huh7 and [X-2 cells was analyzed using real-time PCR. The results are expressed relative to the expression of
miR-214-5p in HepG2. **P < 0.01. (D) miR-214-5p expression in hepatocytes (He), the non-parenchymal cell (NPQ) fraction, and the hepatic stellate cell
(HSC) fraction. The cells were isolated from intact mouse livers. The miR-214-5p expression in Hc, the NPC fraction, and the HSC fraction was analyzed
using real-time PCR. The results are expressed relative to the expression of miR-214-5p in hepatocytes. **P <001
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(2.2-fold at 5 weeks, P<0.05 and 3.6-fold at 15 weeks,
P<0.05) (Figure 6B). Twist-1 mRNA expression was also
induced in a time-dependent manner after culture initi-
ation in primary-cultured mouse stellate cells (Figure 6C).

Discussion

This is the first report to show that miR-214-5p is involved
in organ fibrogenesis, specifically in the liver. miR-214 has
previously been predicted to be a key molecule in prolifera-
tion in breast [27] and ovarian cancer cells [28], tumor pro-
gression in melanoma [29], and growth in HeLa cells [30].
miR-214 and miR-199a are encoded in a region that con-
tains an E-box DNA promoter sequence [22]. A transcrip-
tion factor, Twist-1, binds to the E-box region, regulating
miR-214 and miR-199a expression [22]. The present study
showed that miR-214 expression is upregulated in a fibrosis
progression-dependent manner in the livers of patients with
chronic HCV infection and in mice with diet-induced stea-
tohepatitis (Figures 1 and 2). We previously reported an in-
crease in miR-199a in the fibrotic livers of patients with
chronic HCV infection [25], and similar findings have been
reported by others [31-33). These data and the upregulation

of Twist-1 in MCDD-induced mouse liver fibrosis (Figure 4)
suggest that Twist-1 controls the expression of the
miR-214/199a cluster in the liver. Further studies will be
needed to clarify the possible involvement of Twist-1 in
the expression of miR-214-5p in LX-2 cells.

The present study revealed that miR-214-5p overexpres-
sion in LX-2 cells significantly increased MMP-2, MMP-9,
a-SMA, and TGF-B1 mRNA expression. The overexpres-
sion of miR-199a in LX-2 cells triggers the upregulation of
tissue inhibitor of metalloproteinase (TIMP)-1, Collal,
and MMP-13 mRNA [34]. These results suggest that the
miR-214/199a cluster plays a primary role in stellate cell
activation. However, an understanding of the precise mo-
lecular events involved requires further research.

Conversely, the overexpression of miR-214-5p in LX-2
cells did not alter the expression of MAPK/Erk kinase 3
(MEK3), transcription factor AP-2 gamma (TFAP2C)
[29], Plenxin-B1 [30], ¢-Jun N-terminal kinase 1 (Jnkl)
[34], phosphatase and tensin homolog (PTEN) [35], en-
hancer of zeste homolog 2 (Ezh2) [36], and Quaking
mRNA [24], which had been reported to be targets of
miR-214 (MEKS3: 0.72- to 0.77-fold, Jnkl: 1.05- to 1.20-fold,
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