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Summary
Liver cancer considered malignant tumor in or on the liver. Among
the primary liver cancers, HCC is the major histological subtype.
Hepatocarcinogenesis could be explained by a complexed multistep process
at molecular level giving various diagnostic observations in cells and
histology. Although the molecular mechanism of the liver cancer
development has been studied for many years, these studies focused only on
the cancer cells, which are present in the cancer tissues, but not the origin of
these cancer cells, which are known as the liver CSCs. Liver CSCs have been
regarded as the cells with specific stem cell-like features in the liver cancer
tissue which responsible for tumor initiation growth, progression and
metastasis. Liver CSCs are currently considered as a specific subpopulation
with significant tumorigenic potential, which should contribute to the
development and recurrence of HCC.
Incredible efforts have been made to understand where the CSCs come from.
Due to the recent rapid progress in the stem cell research, cancer is widely
accepted as a stem cell disease. Also, some scientists suggested that
hierarchically organized tumors originated from normal stem cells, which
opened the possibility of the liver stem cell to be the origin of liver CSCs.
Stem cells were hypothesized to dwell in a specific microenvironment called
a “stem cell niche,”. stem cell niche secreted factors bound to stem cell
surface receptors stimulate the intracellular signaling cascade in order to
direct stem cell fates by controlling self-renewal and differentiation.
Therefore, the concept of seed and soil is still feasible, with, the
microenvironment significantly involved in the cancer development.
Chronic inflammatory conditions, as the surrounding niche, trigger stem
cells to develop cancer. In this process, the CSCs may appear from the
normal stem cells affected by the cancer-inducing niche.

1

Recently, stem cells, including embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs), have gathered great attention in the
field of medicine because of the development of novel therapy of tissue
regeneration. On the other hand, the development of CSCs or cancer cells
could be possible when normal stem cells are affected by the tumor
microenvironment although the mechanism of development is not clear yet.
Our group demonstrated that, the CSCs may appear from the normal stem
cells affected by the cancer-inducing niche which definite as chronic
inflammatory conditions. To define the condition, which enables
ESCs/iPSCs to differentiate into liver CSC, will be very important to
understand the molecular mechanisms involved in liver CSC development
and to develop new therapy for liver cancer. In the present study, we tried to
generate new liver CSCs using mouse iPSCs in the mimicry of cancer stem
cell niche exploiting the conditioned media of HCC cell lines in order to
understand the signaling mechanism regulating the development of liver
CSCs leading to liver cancer.
A result, CSCs were induced as miPS-Huh7cm cells, which
developed malignant tumor in liver after 28 days from injection into the liver.
The primary cells from the malignant tumor of miPS-Huh7cm cells exhibited
the properties similar to liver CSCs as shown in the result. miPS-Huh7cm
cells were highly tumorigenic and developed malignant tumor after four
weeks when injected into the liver. This malignant tumor showed significant
expression of the markers mostly common to liver cancer such as alpha
fetoprotein (AFP), glypican-3 (GPC3), carcinoma embryonic antigen (CEA)
and cytokeratin 19 (CK19). During the past couple of years, a number of
works have identified the membrane bound markers in liver CSCs. Initially,
the characterization of CSCs focused also in liver cancer on the identification
of general CSC markers such as CD24, CD44, CD133. CK19 was also
reported to serve as a relatively specific marker of liver CSCs.
2

In our study the malignant tumor developed in the liver showed high
and significant expression of CD24, CD44 and CD133 when compared to
miPSCs. The primary cultured cells from all developed tumors showed
significant elevation of CSC markers and liver cancer associated biomarkers.
The malignant tumor developed from miPS-Huh7cm cells exhibited
metastasis to lung, which was considered as the most common target tissue
in extrahepatic metastasis. On the other hand, intrasplenic transplantation of
tumor cells has been well known as an effective method to develop liver
metastases. miPS-Huh7cm cells exhibited liver metastasis, which was
followed by lung metastasis, with 100% efficiency in immunodeficient mice
after 4 weeks of intrasplenic transplantation. Only one tumor formed in
spleen, while there observed multiple metastatic nodules in different liver
lobes and numerous small nodules in lung. From the sizes of the tumor and
nodules, the metastasis appears to sequentially occur from spleen to liver and
then to lung as the result of remetastasis of the metastatic tumor raised in the
liver.
This process of establishing CSC model will be helpful in to assess
the significant molecular mechanisms necessary to develop liver CSCs
which could help develop effective therapy of liver cancer. Also, the
Metastatic potential of CSCs developed from miPSCs was evaluated by
transplantation in liver and spleen should be proposed as the suitable model
for therapeutic studies of metastasis.
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Chapter I

Cancer initiation

I.   Introduction
Over the decades, there two major models that have been used to
explain cancer heterogeneity: the clonal evolution model (mutation
hypothesis) and the cancer stem cell model (cellular hierarchy organized in
a tumor) [1–4]. The first attempts to understand the basis for the mutation
hypothesis originated in 1914, when Boveri postulated that cancer could
result from a combination of chromosomal defects [5]. After this
movement in research toward understanding the biology of cancer, the
DNA double helix and genetic information were discovered in the 1950s
[6], which paved the way for the work of Carol O. Nordling, who
suggested that a number of mutated genes could cause cancerous cells to
form a tumor [7]. After this hypothesis, the number of mutational changes
required to cause cancer was extensively been investigated. As a result,
Ashley posited that approximately three to seven mutations might be
required for the development of cancer [8]. Furthermore, Weinberg
confirmed that at least three or four mutation were required for the
appearance of malignant phenotypes in vitro [9]. Stochastic models have
suggested that serial mutation events generated tumor cell heterogeneity
and models have suggested that serial mutation events generated tumor cell
heterogeneity and contributed to cancer progression [10]. In this model,
most cancer cells should possess several to cancer progression [10]. In this
model, most cancer cells should possess several mutations that mutations
that give the cells malignant properties, and each mutation increases the
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probability of the give the cells malignant properties, and each mutation
increases the probability of the next (Figure 1).

Serial Mutation

Serial Mutation

Adult Cell

Cancer cells

Figure .1 Representative Scheme for Clonal Evolution Model

The main concept of this theory was that cancer should result from
time-dependent. The main concept of this theory was that cancer should
result from time-dependent accumulation of DNA mutations in a single cell.
Accordingly, cancers were thought to be monoclonal, of DNA mutations in
a single cell. Accordingly, cancers were thought to be monoclonal, i.e.,
they were all considered to be derived from a single mutant cell, thereby
generating a homogeneous tissue composed of malignant cells [11].
Simultaneously, some scientists thought that mutations occurred in DNA,
but without causing cancer. Mutational changes generally would be
insufficient to cause cancer, because a minority of cancers were only
triggered by about 5% mutations [12]. Others noted that some cancers were
not associated with any mutations whatsoever [13,14]. On the other hand,
6
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many scientists demonstrated that carcinogenesis was a result of conversion
of normal cells into CSCs.
Normal stem cells are described as immature cells that have the
double capability of self-renewal and differentiation potential [15–17].
Stem cells were not discovered by a specific scientist or a group, but the
concept was established through the continuous effort over the past several
decades by many scientists. Alexander Maksimov, a Russian histologist,
who developed and introduced a theory of hematopoiesis, was the first to
propose the term “stem cell” in the early 20th century [18]. Stem cells were
at first believed to be present only in certain tissues, such as blood, liver,
and intestinal epithelia, but nowadays they have been recognized to be
present in every tissue in the body [19,20]. Immature cells were first
isolated from the inner cell mass of the mouse embryo at blastocyst stage
by Martin Evans and Matthew Kaufman [21] and Gail R. Martin, who
named the cells “embryonic stem cell (ESC)” [22] The first isolation of
human ESCs from fertilized blastocysts in vitro was done by Thomson [23].
ESCs are defined by the capability to proliferate conservation of an
undifferentiated phenotype for prolonged periods [24,25], and by the
pluripotency of differentiation into all lineages of the primary three germ
layers, endoderm, ectoderm, and mesoderm (Figure 2) [26,27]
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Figure 2. Representative scheme showing differentiation potential of pluripotent stem
cells such as embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs)
into all cell type.

During the conversion of the normal stem cells into CSCs, many
changes can happen, like abnormal cell division and epigenetic and genetic
changes. This implies that the mutation hypothesis is not always applicable
in the formation of a cancer. The conversion is considered to be the causal
8
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event in the origin of the vast majority of cancers. Most of the processes of
carcinogenesis should consist of sequences of steps that initiate cancer.
Somatic mutations should follow these steps as the later events occurring
after carcinogenesis. Finally, somatic mutation theory seems to be
inaccurate, as mutations are not always the main causal event of cancer
development [28]. Since somatic mutation theory cannot explain the
complexity/heterogeneity of cancer tissues, it should be dropped and
replaced with another theory/hypothesis [29]. The common properties of
self-renewal potential and pluripotency CSCs and normal stem cells have
led scientists to formulate a new concept for abnormal stem cell disease,
instead of the mutation theory for cancer [30]. The CSC model suggests
that only certain subpopulations of cancer cells have the ability to drive the
progression of cancer. These are specific and more aggressive subtypes of
cells, which result in tumor progression and recurrence [31]. This subset of
tumor cells has the capacity to initiate and sustain tumors when
transplanted into immune-compromised animal hosts, due to its
self-renewal and the generation of differentiated progenies [32,33]. The
differentiation of CSCs results in the cellular heterogeneity in tumors, as
well as exhibiting inherent drug resistance and enhancing invasive potential,
which plays a critical role in initial tumor formation and metastatic
progression [34]. Therefore, CSCs should be a pivotal target for the
eradication of many cancers. According to the classical CSC hypothesis,
there is a unidirectional differentiation hierarchy, where non-CSCs cannot
generate CSCs (Figure 3). However, it is increasingly apparent that
differentiated cells can be switched to CSCs [35]. This new hypothesis of
heterogeneity opens the way for a CSC plasticity model, which supports
9
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the idea that the differentiated stage of the cells can be converted back to an
undifferentiated stage or stem cell-like stage [36,37]. Collectively, CSCs
could be considered as a dynamic subpopulation of cancer cells.

No tumor

Mi
Classical
cro
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Model
alt nviro
er n n m
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e
tio
Stem Cell
n nt

D

on
ati
nti
e
r
iffe
e- d

Adult Cell

No tumor

Plasticity
Model

No tumor

CSC

Differentiated non-CSC

Figure .3 Representative scheme of cancer stem cell model

Enormous effort has been made to determine the origin of CSCs until
now. However, little is known about the origin of CSCs in tumor tissues.
The field of stem cell research has attracted more scientists than ever to
study the stem cell biology and the possibility of the generation of CSCs.
However, the use of ESCs in research is still controversial from an ethical
point of view. Therefore, the discovery of induced pluripotent stem cells
(iPSCs) opens a new page in stem cell research. iPSCs are reprogrammed
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from completely differentiated cells to take on the characteristics of ESCs,
including the ability to give rise to all the cell types in the body (Figure 2)
[38–40].

This

reprogramming

process

was

first

established

by

reprogramming differentiated fibroblasts with the four stemness genes,
Oct4, c-Myc, Klf4, and Sox2 [41]. The scientific progress with iPSCs to
date seems very promising. iPSCs are considered to be an ideal
replacement for ESCs, and many efforts have been made to understand
their nature. The most important contribution of iPSCs to medicine is the
potential of generating stem cells for clinical applications without
sacrificing embryos [42]. In this review, we try to focus on chronic
inflammation, which can stimulate pluripotent stem cells or progenitor cells
in each tissue to generate CSCs.

II. Stem Cell Niche and Cancer-Inducing Niche

Although the initial concept of stem cells is more than 100 years old,
and its biology was largely discovered during the previous semicentennial
period, much about their nature remains unknown. Stem cells are critical
for tissue homeostasis; they are responsible for tissue regeneration, which
replaces dead cells with new cells according to cellular senescence. To
maintain tissue homeostasis through their lifetime, stem cells must keep an
accurate balance between self-renewal and differentiation. The essential
mechanisms must be maintained in a delicate balance, together with the
direction of differentiation. These mechanisms must be understood in order
to determine how stem cells are regulated and contribute to human health
and

diseases

[43,44].

Recent

studies

have

revealed

that

the
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microenvironment, or so called “niche,” is significant in various ways for
stem cells.
The concept of niches specific to stem cells was first introduced
almost five decades ago by Schofield, who theorized that stem cell
properties are dependent on their microenvironment [45]. Niche has usually
been defined as the location surrounding the stem cells. However, this
definition of niche is being changed to involve the cellular components,
such as fibroblasts, endothelial cells and immune cells, which are rich in
extracellular matrices, and secreting factors and receptors as well as the
signs of the microenvironment affected by the metabolism [46,47].
Secreted factors bound to stem cell surface receptors stimulate the
intracellular signaling cascade in order to direct stem cell fates by
controlling self-renewal and differentiation [48–50]. Therefore, the concept
of seed and soil is still feasible, with, the microenvironment significantly
involved in the cancer development [51]. Chronic inflammatory conditions,
as the surrounding niche, trigger stem cells to develop cancer [50,52]. In
this process, the CSCs may appear from the normal stem cells affected by
the cancer-inducing niche. Characterization of the cancer-inducing niche
will be the most important key to establishing the logic of CSC
development from normal stem cells.
The cancer stem cells concept is greatly changing the historic
viewpoint on cancer, namely mutation theory, which is now being
challenged due to its failure to account for determinants of cancer induction
[53]. The cancer-inducing niche can be explained as the continuous
irregular environment that we typically recognize as chronic inflammation
(Figure 4). This chronic inflammation can be explained by the primary role
12
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of cytokines and other soluble mediators in the tumor microenvironment.
However, many questions remain to be answered. What are the exact
components of the cancer-inducing niche? Do they vary according to the
type of cancer? What kinds of differences lie between the cancer-inducing
niche and the normal stem cell niche? In the next couple of years, these
critical questions will be answered by scientific researchers employing the
new strategies that will become available as stem cell technologies
advance.
After CSC development, CSCs will establish their own niche as the
CSC niche. Cells composing the CSC niche are not only necessary for the
maintenance of CSCs, but also for the generation of factors and tumor
associated cells that maintain the properties of CSCs, including invasion,
metastasis, and promotion of angiogenesis [54–56]. The CSC niche
contains cellular components such as cancer associated fibroblasts [57],
tumor associated macrophages [58,59]. tumor associated neutrophils [60],
MSCs [61], and cell-mediated adhesion [62] and soluble-factors, which
play critical roles in cell–cell communication. The niche before the CSC
niche, as a cancer-inducing niche, should be distinguished from the CSC
niche. The cancer-inducing niche can be studied experimentally only by the
conversion of ESCs or iPSCs to CSCs.

13
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Figure 4. Stem cell differentiation in the stem cell niche and cancer-inducing niche.

III.  

Inflammatory Microenvironment Stimulates induction of

Cancer Stem Cells
We hypothesize that chronic inflammation stimulates the generation
of CSCs. According to our concept of the cancer-inducing niche, being
developed from normal stem cells in chronic conditions, CSCs are likely to
be progenitor cells, which are destined to become cancer cells (Figure 5).
Once CSCs have developed, the CSC niche, together with the
14
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cancer-inducing niche provides a suitable microenvironment to maintain
CSCs, which in turn develops malignant tumor. The phenotype of the
malignant tumor appears to depend on both the tissue specific
microenvironment and the CSC niche, as demonstrated by previous
experiments [63,64]. We have demonstrated that iPSCs could acquire
characters of CSCs when iPSCs were cultured in the presence of a
conditioned medium prepared from various cancer cell lines [65,66].
IV.
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I.   Liver
The liver is the largest organ inside the body, weighs approximately
1500 g, and is located in the upper right corner of the abdomen. It is part of
the digestive system and is found next to the stomach on the right side of
the abdomen under the ribs. The liver achieves over 500 metabolic
functions, resulting in synthesis of products that are released into the blood
stream such as glucose, clotting factors, plasma proteins, and urea, or bile
that are excreted to the intestinal tract. Also, numerous products are stored
in liver such as glycogen, Iron, copper minerals and Lipid-soluble vitamins
A, D, E, K.
The two main sections of the liver are the right and left lobes. Blood
flows into the liver from the hepatic artery and the portal vein. Blood in the
hepatic artery comes from the heart and carries oxygen, while blood in the
portal vein comes from the stomach and carries nutrients and substances
such as medicines or alcohol to the liver.
Inferior vena Cava

Aorta

Hepatic artery

Gall bladder

Portal vein

Bill duct
Figure 1: Basic anatomy of the liver.
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II.  Liver Stem Cells and Liver Development
The blastocyst inner cell mass considered the source of pluripotent
embryonic stem cells that give rise to somatic stem cells which differentiate
into tissue-specific stem/ progenitor cells. [1,2]. Hepatic genes are first
induced in a segment of ventral endoderm, requiring FGF signaling from
the adjacent cardiogenic mesoderm and BMP signaling from the septum
transversum [3,4] as a result the tissue-specific endodermal stem/progenitor
cells begin to proliferate and differentiate to give the liver bud around
embryonic day 8.5 [1,2].
By the influence of many signalling pathways in early development
of the liver bud from endoderm, bipotential hepatic progenitor cells (HPCs)
is originated from liver bud [1,5] which express alpha-fetoprotein and
albumin and later express cytokeratins (CKs) -7 and -19. HPCs diverge
along two cell lineages: hepatocytes (alpha-fetoprotein /albumin) and
cholangiocytes (CK19) before embryonic day 16 [3].
After liver bud development Wnt signalling considered one of the most
important signals which promotes liver growth [6, 7, 8].
In the liver development, Hepatocyte growth factor (HGF)
promotes differentiation of LPCs toward hepatocyte while HPCs
differentiated to biliary epithelial phenotype under the influence of Notch
signaling via Jagged1 and Notch2 [9]. TGF-B signalling is very important
signal in this time which play the prominent role in modulation of biliary
and hepatocyte morphogenesis during liver development.
In adult human tissues, a small immature epithelial cell with an oval
nucleus and scanty cytoplasm, is believed to be derived from a liver stem
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cell niche located in the smallest terminal branches of the biliary tree
known as the Canals of Hering close to the portal space and is considered
to be hepatic progenitor cell (HPCs) [10]. These cells have the self-renewal
and asymmetric division features of stems cells and can repopulate normal
and injured liver [5]. Various growth factors influence hepatoblast
differentiation into hepatocytes and cholangiocytes, including Wnt
signaling, HGF signaling, oncostatin M (OSM) signaling, and jagged 1/
Notch (JAG1/Notch) signaling [11].
III.   Liver Stem Cells in Liver Regeneration
Liver regeneration is the procedure by which the liver is able to
replace damaged liver tissue from replication of the remaining cells. The
liver contains a mixture of different cell types, including hepatocytes,
Kupffer cells, sinusoidal cells, pit cells, hepatic stellate cells, ect. The first
study demonstrating the presence of small undifferentiated epithelial cells
with a high nuclear to cytoplasmic ratio in the adult liver was reported by
Farber (1956) [12]. Since this observation, the human equivalent has been
recognized and were called hepatic progenitor cells (HPCs); these cells are
reported to exist within the terminal bile ductules identified as the canals of
Hering [13]. Liver progenitor cells have been shown to be bipotent where
they can give rise to both hepatocytes and bile duct cells similarly to
hepatoblasts during liver development [14]. Now it is well accepted that
stem cells in the liver are demonstrated to be from two origins, either
intrahepatic, and extrahepatic. HPCs considered as intrahepatic stem cell
with short-term proliferative capacity. Extrahepatic stem cells involve cells
originated from bone marrow and peripheral blood cells; these cells are
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limited in number but have a long-term proliferation capacity [10]. There
are three types of cells that can respond to liver tissue renewal or damage
[15,16]. The first type of these cells is the mature liver cells which named
hepatocytes. Hepatocytes were considered as unipotential stem cells which
proliferate after normal liver tissue renewal and respond rapidly to liver
injury. Hepatic progenitor cells (HPCs) are the second type of liver cells
that respond to liver regeneration. These cells considered as bipotential
stem cells which activated to proliferate when the liver damage is chronic,
or the proliferation of hepatocytes is repressed. The last line for liver
regeneration is extrahepatic stem cells which considered as multipotent
liver stem cells.
1.  Hepatocytes
Hepatocytes are the vast majority cell type in the liver [17] make up
around 80% of the liver total mass [18]. Hepatocyte nuclei are distinctly
round, with one or two prominent nucleoli. Hepatocytes are responsible for
the majority of synthetic and metabolic functions of the liver. However,
hepatocyte also considered as the first line in liver regeneration. In normal
cases, hepatocytes in adult liver have a long lifespan of over a year,
resulting in very limited cell proliferation.

However, in response to liver

injury, hepatocytes are capable of restoring original liver by self-replication
in a very short time. So that the majority of injuries such as exposure to
resections or viral diseases, hepatocytes undergo replication to regenerate
the liver. After partial hepatectomy, proliferation of hepatocytes and
cholangiocytes followed by hepatic stellate cells, quickly restores the liver
to its normal case. For example, in rats’ hepatocytes can restore the original
liver within 7–10 days, after 2-3 partial hepatectomy [14, 19] This process
26

Chapter II
  

Liver stem cells and CSCs

requires less than two time of replication for the individual hepatocytes.
However,

serial

transplantation

experiments

have

indicated

that

hepatocytes have a near infinite capacity of proliferation [14, 19, 20]
2.   Hepatic progenitor cells (HPCs)
Hepatic progenitor cells (HPCs) are supposed to be the second line
of defense against liver injury. HPCs are bipotential stem cells that capable
of differentiating into either hepatocytes or cholangiocytes. When the
mature hepatocytes and cholangiocytes replication is damaged or inhibited,
HPCs are activated and can contribute to re-growth and maintenance of the
organ [21]. HPCs activation happens during chronic liver inflammation,
replacing damaged hepatocytes and cholangiocytes in various liver diseases
[22, 23, 24, 25] HPCs are almost permanently accompanied by an
inflammatory reaction, through cellular interactions with liver immune
cells involving paracrine signals, especially from growth factors that are
released during the

regeneration

process. This

process

involves

development of bipotential transit progenitor cells, which can differentiate
into hepatocytes and biliary cells. Furthermore, the level of stem cell and
intermediate hepatocyte activation associates with the degree of
inflammation [25, 26].
3.   Extrahepatic stem cells
Scientists have proposed that extrahepatic stem cells, mainly
bone marrow stem cells (BMSCs), have critical contribution in liver
regeneration [27, 28, 29, 30, 31, 32]. Recently, BMSCs differentiation
into cells that resemble hepatocytes has been achieved but the exact
contribution of BMSCs in liver regeneration is not clear. It was reported
that BMSCs could differentiate into hepatocytes/ oval cells during liver
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regeneration [ 33, 34, 35, 36]. Also, current data recognized that
hepatocytes cells could be differentiated from BMSCs in animal models
of liver regeneration [37, 38, 39]. The potential of BMSCs differentiation
into hepatocyte-like cells will have therapeutic and biomedical interest in
the future.
IV.  Impaired hepatic regeneration and cancer stem cells
The CSC theory proposes that every type of tumors including liver
cancer contains a minority population of self-renewing cells, these cells
called CSCs which are entirely responsible for sustaining the tumor growth,
metastasis and recurrence of as well as for the failure of chemotherapy.
Many scientists tried to prove the presence of liver CSCs. Chiba and
colleagues have reported the presence of very small SP cells with in the
subpopulation of hepatocellular carcinoma cell lines. These cells were
highly proliferative and resistant to apoptosis in vitro [40]. Several genes
implicated in ‘stemness’, were significantly up-regulated in the SP cells in
comparison to non- SP cells. Also, they demonstrated that transplanting 103
liver SP cells regularly yielded tumors, whereas transplantation of 106
non-SP cells failed to give rise to tumors. This data suggested the presence
of liver CSCs. The liver CSCs are considered to be responsible for tumor
growth, metastasis and recurrence of HCC [41]. However, the origin of
Liver CSCs is unclear till now. There are two main hypotheses to explain
the origin of Liver CSCs: the dedifferentiation of mature hepatocytes and
the maturation arrest of liver stem cells during impaired hepatic
regeneration and inflammation microenvironment.
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The continual chronic cycles of regeneration cause impairment of
liver regeneration which finally leads to carcinogenesis [42] which may
explain the development of CSC during the malignant transformation.
Bone marrow stem cells

Dormant stem cells in liver

Maturation arrest

Liver stem cells

Ma
tu

ra t
ion

Dedifferentiation
Liver cancer stem cell

Mature Hepatocyte

Figure 2: Representative scheme for two main hypotheses to explain the origin of Liver
CSCs.

1.  Dedifferentiation of Hepatocyte as liver CSCs origin
There is evidence that regeneration after partial hepatectomy relies
mainly on the replication of hepatocytes rather than hepatic stem cells. In
the livers of patients with chronic viral hepatitis, there is an ongoing
excessive hepatocyte death and proliferation which was estimated that 1–
3% of hepatocytes die daily in contrast to0.01% of hepatocytes in normal
healthy livers. This excessive hepatocyte death obviously requires
extensive proliferation to maintain a stable liver mass, which indicates that
an individual hepatocyte would have to divide many times during a
patient’s life with chronic hepatitis. Such prolonged self-replication in an
inflammatory microenvironment may result in cancer development [43, 44,
45].
29

Chapter II
  

Liver stem cells and CSCs

These observations indicate that hepatocytes have the biological
properties necessary to be the target cells of malignant transformation.
There is significant experimental evidence implicating adult hepatocytes as
the cell of origin in liver cancer but not originate from progenitor cells [46,
47, 48, 49, 50, 51]. Adult hepatocytes, however, have additional properties
consistent with a cell that originates cancer include their remarkable
plasticity, which entails their capacity to dedifferentiate into a progenitor
state and then restore the hepatocyte pool [52].
Mature hepatocytes can dedifferentiate to give progenitor-like cells.
These progenitor cells could generate liver cancer during liver regeneration
which called impaired liver regeneration.

that can expand and generate

primary liver cancers. Also, it is very important to mention that, some
researchers have proposed that cancer cells could arise from hepatocyte
dedifferentiation

[53,

54].

Therefore,

dedifferentiation

of

mature

hepatocytes considered as one possible hypothesis that can explain the
presence of CSC in liver. Hepatocyte de-differentiate to become more stem
cell like which called progenitor state and then restore the hepatocyte pool.
Scientists

demonstrated

that

the

link

hepatocyte

to

malignant

transformation is impairment of liver regeneration. However, the exact
relation between hepatocyte dedifferentiation and CSC development still
unclear. This hypothesis not so many scientists support it till now.
2.   Hepatic progenitor cells (HPCs) as liver CSCs origin
Most studies support that hepatic progenitor cells might be the
origin of liver cancer [55, 56, 57]. During regeneration, HPCs are
considered a dangerous target in hepatocarcinogenesis by the regulating
inflammation niche involved in tissue repair. The number of HPCs in
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chronic liver diseases, are directly related to disease severity, suggesting
that HPCs proliferation is associated with increasing the risk of HCC
development. A recent study has shown that certain subtypes of primary
human HCCs with poor prognosis may be originated from HPCs [58, 59],
based on the identification of gene expression profiles identical to that of
hepatoblasts. Furthermore, this subtype of HCC can be distinguished from
other types by HPCs markers. Also, HPCs are also activated in several
mouse models of hepatocarcinogenesis, suggesting their prospective role in
the initiation and development of liver cancer [60, 61,62, 63, 64, 65, 66]. It
was demonstrated that oval cells/HPCs proliferation was distinguished
from the initial liver injury stage to the occurrence and development of
HCC [60]. HCCs exhibited high expression of progenitor cells markers
such as cytokeratin 7 and 19 by 28-50% respectively. These HCCs involve
cells with intermediate phenotype between progenitors and mature
hepatocytes [67, 15].
3.  Extrahepatic (Bone Marrow) Stem Cells as liver CSCs origin
The malignant transformation potential of bone marrow- derived
liver stem cells has been investigated in a chimeric mouse model with
genetically labeled bone marrow [68]. These animals were first
administered DENA for cancer initiation and then given phenobarbital for
promotion. At the conclusion of the experiment, several HCCs were found,
but none of them were derived from bone marrow cells. These results favor
the concept that bone marrow- derived liver stem cells are not targets for
malignant transformation in HCC. However, it is possible that there were
not sufficient numbers of bone marrow-derived cells in the liver at the time
of carcinogen administration, thus resulting in HCCs derived only from
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resident hepatic cells. While there is no conclusive experimental evidence
of a direct role for bone marrow-derived stem cells in hepatocarcinogenesis, some evidence exists to suggest that they contribute
indirectly. There are reports showing that the fibrotic (desmoplastic)
response seen in HCC is caused by bone marrow-derived stromal cells in
the liver [69]. This desmoplastic reaction is thought to promote the tumor
by secreting various growth factors. Despite the absence of strong
support,the possibility that bone marrow-derived liver cells could be the
target of a malignant transformation process cannot be completely
discounted.
V.   Liver Cancer Stem Cells model from iPSCs
The enormous progress in stem cell research during the last couple
of years, liver cancer is currently believed to be derived from transformed
liver stem cells [70, 71]. Therefore, any proliferative cells in the liver may
be subjected to malignant transformation, which is considered one possible
origin of liver CSCs. However, the question is, “How does this
transformation happen?”
Many types of liver cancer will develop as a result of chronic hepatitis
that is initiated by viral infection, too much alcohol, or non-alcoholic fatty
liver disease. During this process, the microenvironment will initiate and
promote liver cancer [72]. Furthermore, this process may be explained by
the transformation of liver stem cells into liver CSCs [73, 74]. To explain
this process of liver CSC development more precisely, our group tried to
convert iPSCs into liver CSCs with the CM from human hepatocellular
carcinoma cell line Huh7 cells. This process will be described in more
details in the next chapter.
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Introduction
According to the World Cancer Report, the incidence was globally

6% and the mortality burden was 9% in liver cancer [1]. The number of
deaths being estimated 746,000 in 2012, liver cancer is the second leading
cause of cancer mortality in the world. The liver cancer in men is described
as the fifth most common cancer (554,000 new cases, 8% of the total) and
that in women the ninth (228,000 cases, 3% of the total). Among the
primary liver cancers, HCC is the major histological subtype [2].
Hepatocarcinogenesis could be explained by a complexed multistep
process at molecular level giving various diagnostic observations in cells
and histology. Although the molecular mechanism of the liver cancer
development has been studied for many years, these studies focused only
on the cancer cells, which are present in the cancer tissues, but not the
origin of these cancer cells, which are known as the liver CSCs. Liver
CSCs were described with the capacity of self-renewal, differentiation [3].	
  
Liver CSCs are currently considered as a specific subpopulation with
significant

tumorigenic potential,

which

should

contribute

to

the

development and recurrence of HCC [4]. Taking the presence of original
cells granted, we support the idea that the liver CSCs could be originated
by the transformation of liver stem/progenitor cells [5]. Actually, liver
CSCs are identified by self-renewal and pluripotency and classified with
normal liver stem cell markers.
Generally, CSCs are defined by self-renewal, pluripotency and
tumorigenicity, which play a critical role in the growth of primary tumors
with heterogeneity [6]. Considering that CSCs are responsible for the
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malignant tumorigenic potential providing the heterogeneity [7], CSCs
could be the cells at the top of the hierarchy undergoing differentiation into
cancer cells with diverse phenotypes with limited proliferative potential in
many cancers as found in the hierarchy of normal stem cells in normal
tissues. Incredible efforts have been made to understand where the CSCs
come from. Due to the recent rapid progress in the stem cell research,
cancer is widely accepted as a stem cell disease [8]. Also, some scientists
suggested that hierarchically organized tumors originated from normal
stem cells [9], which opened the possibility of the liver stem cell to be the
origin of liver CSCs [10]. Stem cells were hypothesized to dwell in a
specific microenvironment called a “stem cell niche,” which plays an
essential role to regulate stem cell maintenance and self-renewal by
secreting various factors [11]. A similar concept of niche also is considered
present and applies to CSCs which is so called “CSC niche”. And the
interactions of CSCs with this niche should be essential to maintain the
CSC population [12]. Cells within the CSC niche secrete factors, which
stimulate CSC self-renewal, induce the differentiation such as angiogenesis
[13] and recruit immune cells and other stromal cells, which secrete
additional factors to promote tumor cell invasion and metastasis [14]. The
niche for liver CSCs has not yet been elucidated and still obscure, but the
mechanisms similar to the niche of the normal stem cells should exist to
control cell proliferation, migration, invasion and apoptosis resistance [15].
Recently, stem cells, including embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs), have gathered great attention in the
field of medicine because of the development of novel therapy of tissue
regeneration. On the other hand, the development of CSCs or cancer cells
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could be possible when normal stem cells are affected by the tumor
microenvironment although the mechanism of development is not clear yet.
Our group hypothesize that the CSCs may appear from the normal stem
cells affected by the cancer-inducing niche defined as chronic inflammation
[16].   This mechanistic insight, which converts stem cells into liver CSCs,
will significantly be important to uncover the molecular mechanisms lying
in liver CSC development. In the present study, we tried to develop liver
CSCs using miPSCs using the CM of HCC cell lines mimicking chronic
liver disease.
II.  

Results

1.   miPSCs survived in the presence of CM of hepatocyte-derived
carcinoma cell line Huh7cells
Usually, iPSCs are considered to be induced into progenitor cells, which
differentiate into various normal phenotypes, just like embryonic stem cells,
depending on the normal niche. On the other hand, cancer-inducing niche
could be conceivable as chronic condition. In this study, we tried to
differentiate miPSCs into liver CSCs using the CM from HCC cell line
Huh7 cells, which exhibited significant expression of liver cancer markers,
such as glypican 3, alpha feto-protein and arginase 1 genes, without any
genetic manipulation and keeping serial transplantation of primary cultures
into the liver.

Simultaneously, Huh7 cells were found by gene expression

meta-analysis using ExAtlas [17] to be overexpressing inflammatory
related secretory factors, such as IL-18, CXCL1, 5, 6, FGF-19, BMP2,
ferritin and thrombospondin 4 when compared with PLC/PRF/5 and/or Hep
G2 cells (Figure.1).
46

Chapter III
  

Liver CSCs and iPSCs

A

B
Legend
Significant
over-expressed
genes

Huh7

Huh7

Significant
Under-expressed
genes

Hep G2

PLC/PRF/5

Figure. 1 Representative image for scatter plot which showed (A) Over expressed
genes in huh 7 compared with hep G2 such as (1) chemokine (C-X-C motif) ligand 1,
(2) chemokine (C-X-C motif) ligand 6, (3) ferritin, heavy polypeptide 1, (4) Collagen,
type V, alpha 2, (5) glycoprotein hormones, (6) Fibroblast growth factor 19, (7) Tumor
necrosis factor, (8) Thrombospondin 4, (9) hyaluronan binding protein 2, (10) RAB31,
member RAS oncogene family function cancer. (B) Over expressed genes in Huh7
compared to PLC/PRF/5 such as (1) Thrombospondin 4 (2) glypican 3 (3) Collagen,
type V, alpha 2 (4) Bone morphogenetic protein 2.

We supposed the CM from Huh7 cells could be available to mimick
chronic inflammation as the microenvironment of miPSCs. As the result,
miPSCs survived in the presence of CM of Huh7 cells instead of LIF for
four weeks, while miPSCs cultured without LIF differentiated and stopped
growth losing GFP expression during the first week (Figure.2). The
survived miPSCs treated with CM were named miPS-Huh7cm cells.
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Figure. 2. Representative scheme of the conversion of miPSCs. miPSCs can
survive in the presence of conditional medium instead of LIF. GFP protein used for
Stemness tracking during conversion. Original magnifications 10X.

2.   miPS-Huh7cm cells exhibited high tumorigenicity with liver CSC
signature
To evaluate the ability to form malignant tumors in vivo, 5.0 x105
of miPS-Huh7cm cells were injected into the liver. Untreated miPSCs gave
rise teratoma like phenotype with various germ layers (Figure.3), while
miPS-Huh7cm cells gave rise 9 malignant tumors out of 9 mice 28 days
after injections (Figure. 4).
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Figure 3. Representative images of miPSCs derived teratoma after four weeks of
injection as a control and histological analysis.
H&E staining showed a phenotype with various normal germ layers, including
squamous epithelium, skeletal muscle, cartilage and benign glandular epithelium.

Tumors were excised and partly cultured on gelatin-coated dish in
miPS medium to obtain the primary culture. From the primary culture GFP
expressing

puromycin

miPS-Huh7cmP1cells,

resistant
which

cells
exhibited

were

selected

and

GFP-expressing

named
colonies

surrounded by the progenies of myofibroblast-like cells (Figure. 4).
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miPS-Huh7cm cells

Orthotopic
injection
in liver

miPS-Huh7cmP1 cells

After
4 weeks

Primary
culture

Figure 4. Tumorigenicity of miPSCs treated with the conditioned medium of Huh7
cells. Representative scheme of the Orthotopic injection of miPS-Huh7cm cells into the
liver and the formed tumor after 4 weeks from injection.

Histology of miPS-Huh7cm cells derived tumor showed that a
substantial portion of the tumor expressed a malignant phenotype, such as
high nuclear to cytoplasmic ratio and mitotic figures. Simultaneously, IHC
of the tumor showed high Ki-67 expression, which indicated high
proliferation rate, and GFP expression, which indicated undifferentiated
population derived from miPSCs (Figure. 5). IHC also showed positive
staining for E-cadherin and Vimentin implying the presence of
heterogeneous cell phenotypes in the miPS-Huh7cm cells derived
malignant tumor. AFP, GPC-3 and CK19 are considered as biomarkers for
malignant liver tumor [18-20]	
   and the combination of these markers
improves the accuracy of diagnosis.
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A
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Anti-E-Cadherin Ab

Anti-vimentin Ab

Anti-Ki67 Ab
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Figure 5. Histopathological analysis of miPS-Huh7cm cells derived tumor.
Histopathological features of the primary tumors were evaluated by H&E staining,
showing the presence of mitotic figures (white circles). Magnifications objective
lens were 20X (middle), and 40X (left and right). Also, immunostaining of the
malignant tumor for Anti-E. Cadharin, anti- Vimentin anti-Ki 67 ab and anti-GFP
ab were shown.

Using RT-qPCR analysis, we found statistically significant
over-expression of these biomarkers in miPS-Huh7cm cells derived tumor
tissue. The relative amount of mRNA expression was enhanced by 16, 18,
100-fold for CK19, AFP, and GPC3 genes respectively when compared to
adult normal liver (Figure. 6A). Simultaneously the expressions of CSC
markers in the tumor tissue were enhanced by 30,150, 200-fold for CD24,
CD133, and CD44 respectively when compared to miPSCs (Figure. 6B).
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Figure 6. Characterization of miPS-Huh7cm cells derived tumor compared to
normal liver
A.   RT-qPCR analysis for malignant liver tumor associated biomarkers in the derived
tumor tissue compared to liver.
B.   RT-qPCR analysis of CSC markers in the derived tumor tissue compared to liver
compared to miPSCs. Gene expression levels were normalized to those of GAPDH.
(* p < 0.01, ** p < 0.001, *** p < 0.0001, **** p < 0.00001).

The expression level of stem cell marker genes such as for Nanog,
Sox2, Klf-4, Oct-4, and c-Myc transcription factors in miPS-Huh7cm cells
and miPS-Huh7cmP1 cells showed that both cells sustain stemness
property (Figure. 7a). To confirm that the miPS-Huh7cmP1 cells were
enriched with the cells expressing liver cancer associated markers (AFP,
GPC3 and CK19) and CSC markers (CD44, CD133 and CD24), we
examined the expression levels of the genes in the cells compared to those
in miPSCs and miPS-Huh7cm cells. Liver cancer associated markers and
CSC markers, as expected from the results of the analyses of tumor tissue
(Figure. 6B), showed significant elevation again in miPS-Huh7cmP1 cells
when compared to miPSCs (Figure. 7b, 7c).
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Figure. 7: Characterization of the primary culture of the tumor cells derived from
miPS-Huh7cm cells injected into liver.
A.   RT-qPCR analysis of stemness marker gene expression.
B.   RT-qPCR for liver cancer associated markers miPS-Huh7cm cells and
miPS-Huh7cmP1 cells compared to miPSCs.
A.   RT-qPCR for CSC markers in miPS-Huh7cm cells and miPS-Huh7cmP1 cells
compared to miPSCs.Gene expression levels were normalized to those of
GAPDH. (* p < 0.01, ** p < 0.001, *** p < 0.0001, **** p < 0.00001).

Using flowcytometry, we further confirmed the expression of liver
cancer-associated markers such as AFP, GPC3 and carcinoembryonic
antigen (CEA) in miPS-Huh7cmP1 cells in comparison with Nanog (Figure.
8). AFP was detected in only 1 % of the cells by suggesting that the cells
are still undifferentiated as liver cancer cells independent of Nanog
expression. More than 40% of the cells were CEA+/Nanog+ suggesting
CEA could be a marker of early stage of differentiation. In contrast with
these two markers, GPC3 expression does not appear correlated with
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Nanog expression. In some populations (24%) GPC3 expression was not
coming up with the decrease of Nanog expression while in other population
(15%) GPC3 expression came up while Nanog was still positive.
Collectively, GPC3 expression should be an intermediate marker among
the three markers.
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Figure 8. Flow cytometry analysis for miPS-Huh7cm cells derived tumor cell
suspension.
Flow cytometry analysis for liver cancer associated markers (GPC3, AFP, CEA) with
Nanog in miPS-Huh7cmP1 cells. Each result is shown as a representative of at least
five independent experiments.

3.   Tumorigenic Potential of miPS-Huh7cm cells was kept during serial
Orthotopic transplantation
To confirm miPS-Huh7cm cells maintained tumorigenic potential,
serial transplantations of the primary cultures were evaluated for tumor
formation. The secondary tumor was obtained by orthotopically injecting
5.0 x 105 miPS-Huh7cmP1 cells, which were the primary cells from the
miPS-Huh7cm derived tumor, into the liver (Figure. 9). Similarly, the third
tumor was obtained by injecting 5.0 x 105 miPS-Huh7cmP2 cells to get
primary cells of miPS-Huh7cmP3 cells. Simultaneously, tumor derived
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cells were maintained by orthotopically transplanting tumor tissue minced
into 1 to 3 mm diameter.

1st injection
miPS-Huh7cm
cells

2nd injection

1st Tissue Transplantation

3rd injection
2nd Tissue Transplantation

Figure 9. Representative scheme for miPS-Huh7cm cells Serial injection.
Representative images of the serial injection of miPS-Huh7cm cells into the liver and
tissue transplantation for the derived tumor.

The tumors developed by the second and third injection spread in
different lobes of the liver even only 3 weeks after injection. Existed tumor
exhibited the phenotypes of malignancy such as multiple pathological
mitotic figures, glandular epithelial hyperplasia, varying cell sizes, irregular
form cells, high nuclear to cytoplasmic ratio, severe nuclear atypia
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(Figure.10). From these results we concluded the orthotopic malignant liver
cancer model was successfully established with the injection of
miPS-Huh7cm cells and the primary cultured cells.

Figure 10. Histopathological analysis of tumors derived from serial injection for
miPS-Huh7cm H& E staining showed malignant phenotype with glandular epithelial
hyperplasia (i), high nuclear to cytoplasmic ratio, and severe nuclear atypia (ii), fatty
change (iii), multiple pathological mitotic figures (iv).

4.   The liver CSC signatures were enhanced under liver environment
in vivo
Liver CSC signatures were evaluated to be maintained in
miPS-Huh7cm cells from the three injections (Figure. 11a) were further
analyzed for the liver CSC signature. First, the expression of liver cancer
associated markers, AFP, GPC3 and CK19 as well as liver CSC markers,
CD44, CD24 and CD133 in malignant tumor was compared to that in
normal liver by RT-qPCR (Figure. 11b). AFP expression increased
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significantly (p≤ 0.01) by 19-, 50- and 14-fold in 1st tumor, 2nd tumor and
3rd tumor, respectively when compared to normal adult liver.

GPC3 was

found significantly (p≤ 0.01) over-expressed in all tumors by 68-, 50- and
96-fold in 1st tumor, 2nd tumor and 3rd tumor, respectively. CK19 was also
significantly (p≤ 0.01) elevated in all tumors by 17-, 76- and 11-fold in 1st
tumor, 2nd tumor and 3rd tumor, respectively.
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Figure. 11: Characterization of 1st orthotopic injection tumor 2nd orthotopic
injection tumor, 3rd primary orthotopic injection tumor compared to normal liver
A.   Representative images of H&E for 1st orthotopic injection tumor 2nd orthotopic
injection tumor, 3rd primary orthotopic injection tumor.
B.   RT-qPCR analysis of AFP, GPC3, and CK19 were examined for the three
malignant tumor tissues compared to adult normal liver as well as liver CSC markers
also like CD133, CD44, and CD24 were examined in the malignant tumor compared
to miPS. Gene expression levels were normalized to those of GAPDH. Gene
expression levels were normalized to those of GAPDH. (* p < 0.01, ** p < 0.001,
*** p < 0.0001, **** p < 0.00001).
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Phenotypes of liver CSC were immunohistochemically assessed in
the primary tumors derived from miPS-Huh7cm cells injected in the liver.
Immuno-reactive liver cancer markers AFP, GPC3 and CK19 were
positively stained as well as the CSC markers like CD44, CD24 and CD133
in the tumor tissue developed in liver (Figure. 12a). Finally, single cell
suspension from tumor tissues was subjected to flow cytometry to assess
the liver CSC markers such as AFP, GPC3, CEA and CD44 (Figure. 12b).
The result exhibited the presence of sub-populations double positive with
AFP+/CD44+, GPC3+/CD44+ and CEA+/CD44+.

Among the AFP+

sub-populations two populations of AFP+/CD44- (23.8%) and AFP+/CD44+
(18.8%) were present while AFP-/CD44+ was 6.94%. As for the GPC3+
sub-populations,

two

populations

GPC3+/CD44-

(44.3%)

and

GPC3+/CD44+ (18.3%) were found. For CEA sub-population, two
sub-populations one CEA+/CD44- (15.5%) and CEA+/ CD44+ (7.7%).
These results indicate that miPS-Huh7cm cells successfully differentiated
to exhibit liver CSC characters after injection into the liver providing
malignant tumor with the markers of liver CSC as well as those well
accepted as markers of liver cancer.
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Figure 12. Immunohistochemical analysis of Liver tumor tissue derived from serial
transplantation.
A.  Immunohistochemical staining of formalin fixed paraffin-embedded Liver tumor
tissue derived from serial transplantation. Samples representative of each tumor were
stained with antibodies recognizing AFP, GPC3, CEA, and CK19. Also, antibodies
recognizing liver CSC like CD44, CD24 and CD133 were applied to the tumor
tissue.
B.  FACS analysis shows AFP/ CD44+, GPC3+/ CD44+ and CEA+ / CD44+
sub-populations in the tumor single cell suspension.

The primary cultures from serial transplantation exhibited
GFP-expressing colonies surrounded by myofibroblast-like cells indicating
that serial transplantation maintained the presence of CSCs (Figure. 13).
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miPS-Huh7cm P2 cells

miPS-Huh7cm P3 cells

GFP

BF

miPS-Huh7cm P1 cells

Figure 13. Representative images for adherent cultures of miPS-Huh7cmP1 cells,
miPS-Huh7cmP2 cells and miPS-Huh7cmP3 cells. Images shows the differentiated
cells and undifferentiated GFP-positive cells, Scale bars represent 100µm.

The expression of liver cancer markers was compared between all
primary

cultured

cells

derived

from

the

serial

transplantation

(miPS-Huh7cmP1cells, miPS-Huh7cmP2 cells and miPS-Huh7cmP3 cells)
and miPS-Huh7cm cells compared to normal liver while the expression of
liver CSC markers was compared to miPSCs (Figure. 14a). The expression
of GPC3 and CK19 was found significantly up-regulated in the primary
cultured cells when compared to normal liver while the expression of AFP
was down-regulated. CD44 expression in the primary cultured cells was
extremely elevated in miPS-Huh7cmP2 cells and miPS-Huh7cmP3 cells by
100 and 275-fold respectively when compared to miPS.

The expression

of CD24 and CD133 was significantly elevated at the same time indicating
the characters of CSCs (Figure. 14b). Collectively, these data suggest that
serial transplantation helps maintain the presence of liver CSC as the core
population in vitro.
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Figure. 14 Characterization of primary cultures cells from different injection
A.   RT-qPCR analysis of AFP, GPC3 and CK19 were examined in miPS-Huh7cm

and the primary cultures compared to normal adult liver Gene expression levels
were normalized to those of GAPDH.
B.   Liver CSC markers CD133, CD44 and CD24 were examined compared to miPS.
Gene expression levels were normalized to those of GAPDH. Gene expression
levels were normalized to those of GAPDH. Gene expression levels were
normalized to those of GAPDH. (* p < 0.01, ** p < 0.001, *** p < 0.0001, ****
p < 0.00001).
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5.   miPS-Huh7cm cells and miPS-Huh7cmP1 cells exhibited high
self-renewal potential
The self-renewal capacity of miPS-Huh7cm cells and
miPS-Huh7cmP1 cells was assessed for further properties as CSCs. In
adhesive culture condition, both cells exhibited two different types of
populations; one was colony expressing GFP and the other was
fibroblast-like cells attached to the bottom of dish without expressing GFP
(Figure.15a). The ratio of GFP positive and negative cells was estimated by
flow cytometry.

miPS-Huh7cm cells and miPS-Huh7cmP1 cells

contained GFP positive cells at 27% and 35%, respectively, while
undifferentiated miPSCs were all GFP positive (Figure.15b).
A

Adherent
miPS-Huh7 cm cells

miPS-Huh7 cm P1 cells

AA

B
miPSCs

miPS-Huh7 cm cells
99.6%

72.4%

27.6%

miPS-Huh7 cmP1 cells
65.6%

34.4%

SSC-A

0.4%

GFP
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Figure 15.
A.   Representative image for adherent culture for miPS-Huh7cm cells and the
Primary cultured cells from tumor miPS-Huh7cm P cells.
B.   FACS analysis shows GFP population in miPS-Huh7cm and
miPS-Huh7cm P cells.

The undifferentiated GFP positive cells were recognized as sphere
forming population (Figure.16a).

while the GFP negative fibroblast-like

cells could not survive in non-adhesive condition of hanging drop, which
would provide a small number of cells such as CSCs with a 3D isolated
suspension environment where they were maintained as spheroids [21].
This indicated that both cells had self-renewal capacity. Extreme limiting
dilution assay was further performed to confirm the sphere forming
potential at the low number of the cells. As the result, miPS-Huh7cm P1
cells exhibited the potential at significantly lower number of cells when
compared to that of miPS-Huh7cm cells (Figure.16b, c).
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Figure 16. Self-renewal potential of miPS-Huh7cm and miPS-Huh7cm P cells.
A.   Sphere formation assay in serum-free medium shows spherogenic potential of
both miPS-Huh7cm and miPS-Huh7cmP1 cells. Scale bars: 100 µm.
B.   Extreme limiting dilution assay assessment of the limiting dilution sphere
forming potential for miPS-Huh7cm cells and miPS-huh7cm P1 cells.
C.   Representative image for spheroid derived miPS-Huh7cm cells and
miPS-Huh7cmP1 cells in very low dilution.

The spheres derived from miPS-Huh7cm cells and miPS-Huh7cmP1
cells were assessed for the expression of Nanog and Oct 3/4 and found both
positive (Figure.17a, b) since Nanog and Oct 3/4 were considered critical
factors to maintain the undifferentiated state and self-renewal of stem cells
[22]. Collectively, the self-renewal potential was confirmed in both
miPS-Huh7cm and miPS-Huh7cmP1 cells.
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Figure 17. Immunofluorescence staining for miPS-Huh7cm and miPS-Huh7cmP1
cells spheroids
A.   Immunofluorescence staining for Nanog and in tumor spheroid derived from
miPS-Huh7cm and miPS-Huh7cmP1 cells.
B.   Immunofluorescence staining for Oct 3/4 in tumor spheroid miPS-Huh7cm and
miPS-Huh7cmP1 cells

6.   miPS-Huh7cm cells and primary cultured cells exhibited angiogenic
potential in vitro
Differentiation potential is another property of CSCs as well as
self-renewal. miPS-Huh7cm cells and miPS-Huh7cm P1 cells were
assessed for the potential to differentiate into endothelial-like cells forming
capillary-like tubes on Matrigel. Capillary-like tubes were confirmed to
form by these cells indicating pro-angiogenic properties of miPS-Huh7cm
cells and miPS-Huh7cm P1 cells in tumorigenesis (Figure.18a). Both cells
showed high potential of tube formation even without VEGF-A. Since the
results implied the possible role in tumor angiogenesis, the expression of
factors associated with vasculogenesis  such  as  VEGF-A, VE-cadherin and
platelet-endothelial cell adhesion molecule-1 (CD31) were evaluated in
both cells [23].

As the result, the expression of VEGF-A was found in
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both cells but no significant difference between in the adhesive condition,
which contained both differentiated and undifferentiated cells, and
undifferentiated population limited by puromycin. On the other hand,
significant difference in the expression of VE-cadherin and CD31 genes
were observed between the two different conditions (Figure. 18b).
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Figure 18. miPS-Huh7cm cells have potential to differentiate into vascular
endothelium-like cell.
A.   Tube formation assays in miPS-Huh7cm cells and Prim.miPS-Huh7cm cells
after 12 hours of culture with on Matrigel.
B.   The expression levels of VEGF-A VE-cadherin and CD31 were quantified by
real-time RT-PCR. Values were normalized against GAPDH mRNA quantity.

Flow cytometric analysis revealed the presence of subpopulation
positive for VE-cadherin (Figure. 19a). Stained with anti-CD31 antibody,
the tubular structure derived from both cells exhibited high expression of
CD31 in both cells (Figure. 19b). The expression of these angiogenic
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factors support the differentiation potential of miPS-Huh7cm cells and
miPS-Huh7cmP1 cells as well as the results of tube formation assay. The
angiogenic potential of the cells may enhance the concept of angiogenesis,
which has been considered to play a pivotal role in tumor growth
[12,13,24].
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Figure 19. Immunofluorescence staining for miPS-Huh7cm tubes
A.   The population of VE-cadherin positive cells in miPS-Huh7cm cells and
primary cells were quantified by flow cytometry.
B.   Immunofluorescence staining was performed using anti-CD31 antibody (red) in
tubular structure derived from miPS-Huh7cm cells. Data are the results of three
independent experiments.
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7.   miPS-Huh7cm cells and primary cultured cells exhibited metastatic
Potential in vitro
                           In the last couple of years scientists well accepted that CSCs
have critical role in metastasis [25, 26]. Steps in the metastatic cascade
involve the migration and invasion of the cells degrading the extracellular
matrix and cell-to-cell adhesion. The metastatic potential of miPS-Huh7cm
cells and miPS-Huh7cmP1 cells were assessed by the scratch wound
healing assay for cell migration and by the transmembrane assay for cell
invasion. In the scratch wound healing assay, the motility of
miPS-Huh7cmP1 cells was significantly higher than that of miPS-Huh7cm
cells (Figure.21 a, b). The percentage of wound closure area after 24h was
48% and 58% for miPS-Huh7cm cells and miPS-Huh7cmP1cells
respectively while 82% and 100% after 48h.
A

miPS-Huh7cm cells

miPS-Huh7cm P1 cells

B

miPS-Huh7cm cells

0h

miPS-Huh7cm P1 cells

24h

AA

Wound Closure(%)

120

**

100
80
60
40
20
0
0h

48h

24h

48h

Time After Wounding (hrs)

  
Figure 21. Migration potential miPS-Huh7cm cells and the primary cells.
A.   Representative images from wound healing assay of miPS-Huh7cm cells,
Primary derived cells from the primary tumor.
B.   Summary bar graph illustrating percentage wound closure at indicated time
points during the scratch wound assay.
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As for the invasive capacity, cells were seeded onto Matrigel-coated
trans-well membranes and the number of the cells invaded to the other side
of the filter was counted after 72 h (Figure. 22a, b).
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Figure. 22 Invasion potential of miPS-Huh7cm cells and the primary cells
A.  Invasion assay performed in miPS-Huh7cm cells and miPS-Huh7cm P1 cells
B.  Summary bar graph illustrating the number of invaded cells in the lower side of the
filter

The ability of invasion was higher in miPS-Huh7cmP1 cells than in
miPS-Huh7cm cells. Since Slug, MMP2 and MMP9 are considered to be
responsible for invasion and migration [27], the expression levels of the
corresponding genes in miPS-Huh7cm cells and miPS-Huh7cmP1cells
were assessed and found significantly higher than those in miPSCs (Figure.
23a). MMP9 was further confirmed by immunostaining (Figure. 23b).
These results suggest that the invasive ability of miPS-Huh7cm cells were
enriched during the tumor development in vivo.
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Figure 23. Characterization of miPS-Huh7cm cells and the primary cells with
metastatic markers
A.   The levels of slug, MMP2 and MMP9 in both cells compared to miPSCs.
Gene expression levels were normalized to those of GAPDH. Gene
expression levels were normalized to those of GAPDH. (* p < 0.01, ** p <
0.001, *** p < 0.0001, **** p < 0.00001).
B.   Immunofluorescence staining was performed using anti-MMP9 antibody
(red) for miPS-Huh7cm cells. miPS-Huh7cmP1 cells. Data are the results
of three independent experiment.

III.  

Discussion
The presence of heterogenous subpopulation of malignant

phenotypes in tumor tissues has been explained as one of the concepts of
CSCs [28]. However, the origin of CSCs and the niche required for CSC
development are still unknown. The generation of CSCs are the
preconditions for CSC research, which will help identify the process of
CSC development as well as therapy. Liver cancer is not an exception.
Scientists have tried to investigate the molecular mechanisms of CSC
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development and the niche required CSC development in liver during the
last couple of decades. The development of CSC from iPSCs was described
as the conversion of iPSCs into CSC in the presence of CM derived from
cancer derived cells [25]. This was the first report in the light of the
conversion of stem cells into CSCs.

It was reported that chronic

inflammation performs critical roles at different phases of tumor
development. The preliminary mechanism of tumor development might be
triggered by the chronic inflammation. Inflammation may enrich the
production of chemokines, cytokines and growth factors inducing signal
transductions for cell survival and proliferation with chromosomal
instability [29]. The chronic situation will keep the induction of cellular
alteration resulting in malignancy [30,31]. Thus, we thought that the CM
from cancer cells, which contains various inflammatory cytokines and
chemokines, should be sufficient to induce CSCs formation chronic
inflammation to miPSCs using. These proinflammatory cytokines and
chemokine activate different GPCRs and PI3Ks leading to activate
transcription factors in miPSCs converting into CSCs [32].
In the present study we demonstrated for the first time that liver
CSCs could be generated from

iPSCs by culturing in the presence of

HCC CM (Huh7) without any genetic manipulation. As the result, we
established the protocol to convert of iPSCs into liver CSCs. After 4-week
treatment of miPSCs in the presence of CM, CSCs were induced as
miPS-Huh7cm cells, which developed malignant tumor in liver after 28
days from injection into the liver. The primary cells from the malignant
tumor of miPS-Huh7cm cells exhibited the properties similar to liver CSCs
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which were defined by self-renewal capacity, differentiation potential and
tumorigenicity in vivo [31]. miPS-Huh7cm cells were highly tumorigenic
and developed malignant tumor after four weeks when injected into the
liver. This malignant tumor showed significant expression of the markers
mostly common to liver cancer such as AFP [33], GPC3 [34], CEA [35]
and CK19[36]. During the past couple of years, a number of works have
identified the membrane bound markers in liver CSCs. Initially, the
characterization of CSCs focused also in liver cancer on the identification
of general CSC markers such as CD24 [37], CD4 [38], CD133 [39].
CK19 was also reported to serve as a relatively specific marker of liver
CSCs [36]. In our study the malignant tumor developed in the liver showed
high and significant expression of CD24, CD44 and CD133 when
compared to miPSCs. The primary cultured cells from all developed tumors
showed significant elevation of CSC markers and liver cancer associated
biomarkers. Taking the results of flow cytometric analysis, there appear
stages of differentiation in vitro from miPSCs up to liver cancer cells with
the intermediate stage of liver CSCs with comparable level of expressing
markers. Even in the Nanog positive stage, the expression levels of liver
CSCs could be distinguished by the expression of CEA, GPC3 and AFP.
This idea will provide the 5 stages of Nanog+/CEA-/GPC3-/AFP-,
Nanog+/CEA+/GPC3/AFP-,Nanog+/CEA+/GPC3+/AFP-,Nanog+/CEA+/
GPC3+/AFP+ and Nanog-/CEA+/GPC3+/AFP+. From these hypothesized
stages, each marker does not always appear available to specify liver CSCs.
At the same time, it is worthwhile noticing that the undifferentiated stage
could be distinguished if we can successfully put different markers of
differentiation (Figure. 24).
72

Chapter III
  

Liver CSCs and iPSCs

iPSCs

Liver CSC-Like cells

Stage 1

Stage2

Stage 3

Liver cancer cell

Stage 4

Stage 5
CEA

Nanog

GPC3
AFP

Immature

mature

Figure 24. Stages during miPS differentiation in the presence of conditional
medium of hepatocellular carcinoma
Representative images provide the 5 stages of miPSCs differentiation, Stage 1
(Nanog+/CEA-/GPC3-/AFP-), stage 2 (Nanog+/CEA+/GPC3-/AFP-), stage 3
(Nanog+/CEA+/GPC3+/AFP-), stage 4 (Nanog+/CEA+/GPC3+/AFP+) and stage 5
(Nanog-/CEA+/GPC3+/AFP+).

miPS-Huh7cm cells and the tumor derived primary cells sustained
the expression of stemness markers like Nanog, Sox2, Kif4 and Oct 3/4,
which are considered essential for SCs [40]. These transcription factors
related with pluripotency may also contribute to tumorigenesis [41].
Angiogenesis could be one of the differentiation potentials resulting in the
differentiation into CD31 positive endothelial cells including the
expression of VEGFA and VE cadherin.

Simultaneously, miPS-Huh7cm

cells and the tumor derived primary cells showed high potential of sphere
formation at very limited dilutions as self-renewing character.
Furthermore, metastatic potential should be conceivable to find the
expression of MMP2 and MMP9, which are closely associated with
epithelial-to-mesenchymal transition. Collectively, we have successfully
demonstrated the preparation of liver CSC by converting miPSCs in the
presence of the CM derived from human liver cancer cell line Huh7 cells.
73

Chapter III
  

Liver CSCs and iPSCs

But the question now does one hepatocellular carcinoma cell line is
enough to prove the development of CSCs???
Of course, one cell line is not enough to generalize the idea for all
hepatocellular cell line. Therefore, we convert mouse iPSCs in the presence
of PLC cell line. Conditioned medium from PLC cells successfully
converted miPSCs to cancer stem cells miPS-Huh7cm cells (figure. 25).
These converted cells injected into nude mice and developed malignant
tumor after 4 weeks.

miPS-PLCcm cells
BF

GFP

  

Figure 25. Images for mouse induced pluripotent stem cells (iPSCs)
conversion in the presence of conditioned medium CM derived from Liver
cancer cell line PLC/PRF/5 after 4 weeks of treatment. Stemness tracking
during conversion by the presence of GFP protein. Scale bar: 100 µm.
  

All the tumors derived from miPS-PLCcm cells exhibited
malignancy such as mitotic figures, nuclear atypia, high nuclear to
cytoplasmic ratio and angiogenesis (Figure. 26).
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Figure 26. Histological analysis of the tumor derived from transplantation of
miPS-PLCcm cells, Hematoxylin and eosin staining showed tumor invasion inside the
normal liver (A). Original magnification 20X. This tumor tissue showed malignant
phenotype criteria such as mitotic figures (black arrows), nuclear atypia (White arrows)
(B) Original magnification 40X, high nuclear to cytoplasmic ratio (C) and angiogenesis
(D). Original magnification 20X.
  

The malignant tumor derived from miPS-PLCcm cells was assessed
for several markers by immunohistochemistry (figure. 27).

GFP staining

indicated undifferentiated population derived from miPS-PLCcm cells.
Strong immunoreactivity to Ki67 indicated high proliferation rate in the
tumor tissue. Immunoreactivity to CD44, E-cadherin and N-cadherin
implied the heterogeneous phenotypes in malignant tumor derived from
miPS-PLCcm cells.
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Figure 27. Immuno-histochemistry (IHC) of miPS-PLCcm cells derived tumor in
the liver. The tissue section was stained with antibodies against CD44, Ki67, GFP,
N-cadherin and E-cadherin. original magnification 20X.
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The primary cells in an adhesive culture exhibited two
subpopulations, one is a colony, expressing GFP if directed by a Nanog
promoter, surrounded by the other which is epithelial-like cells, with
suppressed

GFP

expression

by

an

inactive

Nanog

promoter.

Simultaneously, these cells will exhibit self-renewal potential in a sphere
formation assay as well (Figure. 29).

  
Figure. 28: Representative images of differentiation and self-renewal potential of
primary culture cells derived from malignant tumor Primary cultures cells from
tumors derived from miPS-PLCcmP cells, exhibited two subpopulations, one is a
colony, expressing GFP and epithelial like cells surrounding it in adhesive condition
and self-renewal potential in non-adherent culture condition Scale bars represent 100
µm.

77

Chapter III
  

Liver CSCs and iPSCs

The liver CSCs converted from miPSCs suffice the definitions of
CSCs as well as those of the liver cancer. Not only in the culture containing
CM from liver cancer derived cells but also the tumor formation in the liver
tissue enhanced the character of liver CSCs in miPSCs. The factors
critically related with the liver microenvironment appear to be responsible
for the CSC inducing event observed in the induction of liver CSCs. This
process of establishing CSC model will be helpful for the understanding the
induction process of different CSCs in the future.
IV.  Material and Methods
1.   Cell culture
Human HCC cell lines Huh7 (Riken Cell Bank, Japan) and PLC (ATCC)
were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (DMEM,
Sigma-Aldrich, USA) supplied with

10% FBS and 100 U/mL

penicillin/streptomycin (Wako, Japan). Then cells were incubated in a
37 °C incubator with 5% CO2. Medium were changed at 80% confluence
to 5% FBS. Culture supernatant which known as CM, was collected after
48 h, then filtered through a 0.22 µm filter (Millipore, Ireland).
miPSCs were maintained under the humidified 5% CO2 atmosphere at
37°C on feeder layers of mitomycin-C-treated mouse embryonic fibroblasts
(MEFs) (Reprocell, Japan) in miPS medium ( DMEM containing 15% FBS,
0.1 mM Non-Essential Amino Acid (NEAA), Thermo Fisher Scientific,
USA) , 2 mM L-Glutamine (Nacalai Tesque, Japan), 0.1 mM
2-mercaptoethanol

(Sigma-Aldrich,

USA),

1000

U/mL

Leukemia

inhibitory factor (LIF) (Merck Millipore, USA), 100 U/mL
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After one week, miPSCs were

transferred to gelatin (sigma-aldrich, USA) coated dishes. After 70%
confluence, miPSCs conversion was started using 1:1 ratio of miPS
medium and CM from Huh7 cells for 4 weeks. Nanog-GFP reporter
expression was used in miPSCs and the expression of GFP reflects the
maintenance of stemness.For primary culture, tumor tissues were cut into
small pieces in HBSS. Then were suspended into a 15-ml tube containing
50% HBSS to 50% of dissociation buffer (0.25% trypsin, 0.1% collagenase,
20% KnockOut™ Serum Replacement (Gibco, NY, USA), 1 mM of CaCl2
and incubated at 37°C 1 hour. After digestion the suspension was mixed
well using 1 ml pipette then waited for 5 min until large pieces settled
down. The supernatant was transferred to new tube contain 1ml 10% FBS
medium to stop digestion. The cellular suspension was centrifuged at 300
rpm for 3min, and then the supernatant was transferred again to new tube
which centrifuged at 1000 rpm for 10 min. The cell pellet was then placed
into an appropriate volume of miPS medium without LIF and the cells were
seeded into a dish at a density of 1x105/ml. Cells morphology was observed
and photographed using Olympus IX81 microscope equipped with a light
fluorescence device (Olympus, Japan).
2.  Tumorigenicity assay in vivo.
To explore the tumorigenic capacity liver Orthotopic injections were
performed into 4-week-old Balb/c-nu/nu female immunodeficient mice
(Charles River, Japan) with 0.5×106 cells suspended in 50 µl HBSS (Gibco,
Japan).

Tumor formation was monitored weekly after implantation.

Animals were sacrificed after 4 weeks. The plan of animal experiments was
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reviewed and approved by the ethics committee for animal experiments of
Okayama University under the IDs OKU-2013252 and OKU-2016078.
3.  Histological analysis
A.   Hematoxylin and Eosin staining
Tumors were fixed in 10% formalin (Wako Japan), embedded in
paraffin-wax and sectioned for histologic examination at 5 µm. Sections
were stained with Hematoxylin 0.5% (Sigma-Aldrich, USA) and Eosin Y
(Sigma-Aldrich, USA). Slides were analyzed using a microscope (Eclipse
Ti, Japan).
B.  Immunohistochemistry
Immunohistochemistry (IHC) were performed the same as standard
procedures, using the ABC reagent (Vector Laboratories, USA). Detection
was accomplished using DAB substrates (Vector Laboratories, USA).
Incubation of sections with phosphate-buffered saline (PBS) served as
negative controls. Sections were lightly counter-stained with hematoxylin
and mounted.
4.  Quantitative Reverse Transcription PCR (rt-qPCR)
The total RNA was isolated from the cells or tissues using TRIzol (Life
technologies, USA), according to the manufacturers' protocol. The
extracted RNA was treated with DNase I (Promega, USA). One µg of RNA
was reverse transcribed using GoScript™ Reverse Transcription System
(Promega, USA). RT-qPCR assays were done by Light Cycler 480 II using
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Light Cycler 480 SYBR green I Master Mix (Roche Diagnostics GmbH,
Germany) using Light Cycler 480 SYBR green I Master Mix (Roche
Diagnostics GmbH, Germany) according to the manufacturer’s instructions.
Gene expression level was normalized with that of Glyceraldehyde-3phosphate dehydrogenase GAPDH mRNA. The primers used for the
rt-qPCR analysis are listed in Supplementary Table S2.
5.  Flow Cytometry
Cells were incubated in PBS containing 10% FBS with either
fluorescence-conjugated primary antibody or primary antibody followed by
secondary antibody (Table S1). Cells were washed and re-suspended in 1X
PBS (10% FBS was added) and analyzed by BD AccuriTM C6 plus flow
cytometer (Becton & Dickinson, USA). The stained cells were analyzed
using FlowJo® software (FlowJo, LLC, Ashland, OR, USA).
6.   Sphere formation assay
For spheroids initiated with CSCs, serum-free medium supplied with
NEAA (1%), L-Glutamin (1%), 100xPen/Strep (0.5%), β-ME (0.1mM)
ITS-x (1/100 v/v) (Add just before use) were used for handing drop method.
Which the cells were suspended in this medium to get cell-density of
2.5x104 cells/ml. Each hanging drop contained 20 µL of volume and the
bottom dish contained 10 ml PBS then incubated in 37 C, 5 % CO2 for
72days then transferred to non-coated dish.
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7.   Limiting Dilution Assay
Cancer cells were washed and subject to enzymatic dissociation. To
investigate the percentage of single cells capable of regenerating new
spheres, cancer cells were re-suspended in serum-free medium supplied
with 0.1 mM NEAA, 2 mM L-glutamine, 50 U/mL penicillin/streptomycin
(Wako, Japan) 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO,
USA) and Insulin-Transferrin-Selenium-X (ITS-X; 1/100 v/v) (Life
Technologies, USA)

and seeded at dilution 500, 200 ,100,10and 1 cells in

96-well low attachment plates ( EZ Bind Shut TMSP, Japan) and after 7
days

of incubation stem cell frequency was calculated with software

available at

http://bioinf.wehi.edu.au/software/elda/index.html

8.  In vitro Tube Formation Assay
Cells 5×105 were collected and resuspended in endothelial basal medium
EBM2 media (EBM-2 Single Quots Kit, Lonza, Switzerland) and were
seeded in 12-well plates coated with seeded on growth factors reduced
Matrigel (Corning Inc., Corning, USA) for 24 hr in the presence or absence
of angiogenic factors ( human Epidermal Growth Factor (hEGF; 5 ng/mL),
Vascular Endothelial Growth Factor (VEGF; 0.5 ng/mL), R3-Insulin-like
Growth Factor-1 (R3-IGF-1; 20 ng/mL), Ascorbic Acid (1 µg/mL),
Hydrocortisone (0.2 µg/mL), human basic Fibroblast Growth Factor
(hbFGF; 10 ng/mL), Heparin (22.5 µg/mL), FBS ( 0.02 mL/mL)). The
experiments were performed in triplicate. Images of formed tubes were
captured by Olympus IX81 microscope (Olympus, Japan).
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9.   Immunofluorescence
For immunofluorescence analysis, after incubation, cells were washed with
1xPBS and fixed with 4% paraformaldehyde for 20 min at room
temperature, and subsequently permeabilized with 100% methanol. The
cells were incubated in blocking solution (PBS supplemented with 10%
FBS) for 1hour followed by incubation over night with primary antibody
(Table S1) overnight at 4C. After washing, the cells were incubated with
secondary antibody. After removal and proper washing of secondary
antibody, nuclei were counter stained with 4, 6-diamino-3-phenylidole,
dihydrochloride (DAPI) (Sigma-Aldrich, USA). The cells were mounted on
glass sides using Vecta-shield mounting medium (Vector Labs, USA) and
images were taken by Olympus IX81 inverted microscope.
10.   Scratch Wound Healing Assay
Cells were seeded within 6 cm dishes, at 5 × 105 cells/dish, and allowed to
incubate for a 24-hour period in miPS media to form a confluent monolayer.
The miPS media was removed and the confluent cell sheet was wounded
through scratching the culture well surface with a 200-µL pipette tip. The
scratch-wounded cells were washed three times with 1X PBS to remove
any cell fragments or detached cells before incubating in fresh media for 48
hours. Cell migration was monitored, and images of wound healing were
captured by using the microscope after 24 hour and 48 hours.
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11.   Cell invasion assay
Cell invasion potential was evaluated using a Corning Matrigel Invasion
Chamber (Corning Inc., USA), which consisted of a Matrigel-coated
Transwell and Transwell inserts. First of all, inserts were coated with
ice-cold growth factor-reduced Matrigel and incubated at 37˚C for at least 2
h. Then 5×104 cells were suspended in 500 µL serum-free medium DMEM
were seeded onto the insert, and 750 µL medium supplemented with 15%
FBS was added to the lower chamber. After incubation for 72 h in 5% CO2
atmosphere at 37˚C, Non-invasive cells were removed by wiping, and cells
that had invaded the Matrigel were fixed in 4% paraformaldehyde (Nacalai
Tesque, Japan) for 5 minutes and subsequently fixed in methanol (Wako,
Japan) for 20 minutes. The cells were stained with Azure EMB Giemsa
(Merck Millipore, USA) and quantitatively analyzed under a light
microscope.
12.  Statistical analysis
Statistical analyses were performed using the Prism 7 (Graph Pad Software,
USA) using one-way analysis of variance (ANOVA) followed by Tukey's
Multiple Comparison Test (TMCT) when ANOVA indicated a statistical
significance existed with p<0.05 indicating a statistically significant
difference. All experiments were summarized as mean ± SD.
Abbreviations
CSC: Cancer stem-like cell, GFP: green fluorescent protein, MEFs:
mouse embryonic fibroblasts, CSCN: Cancer stem cell niche, MMP:
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Matrix metalloproteinase, MSC: Mesenchymal stroma/stem cell, SCN:
Stem cell niche, TIC: Tumor-initiating cell, hEGF: human Epidermal
Growth Factor, CEA: carcinoembryonic antigen, LIF: Leukemia
inhibitory factor.
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I.   Introduction
Metastasis is believed to be the cause of more than 90% of cancer
mortality, which is an important hallmark of malignant tumors [1,2].
Cancer metastasis is hypothesized to occur through the processes of
transient dedifferentiation of epithelial-to-mesenchyme transition (EMT)
and redifferentiation of mesenchyme-to-epithelial transition (MET) of
tumor cells as a driving force of metastasis [3,4]. Some reports proved the
concept of transient switches of EMT-MET in metastasis [5,6].
The tumor cells usually spread to other sites by complex events
termed the invasion-metastasis cascade, including several steps such as
invasion, where the tumor cells invade stroma which surround the tumor,
intravasation, where the tumor cells enter blood vessels, and finally
extravasation, where tumor cells seed in other tissues distant from original
sites [7]. Through these steps the EMT is crucial for invasion and
metastatic dissemination and remodeling the extracellular matrix (ECM) by
matrix metalloproteinases (MMPs), which are responsible for invasion [8].
In fact, several other factors have proved to be critical for inducing EMT,
notably Snail, Slug and Twist by downregulation of E-cadherin expression.
The metastasis events have been suggested as happening in the late stages
of tumor progression. However, many other studies showed that
EMT-associated traits and invading events can appear in the early stages in
certain preneoplastic lesions [9].
Mesenchyme-to-epithelial transition may contribute to metastasis
by driving dissemination of cancer cells to distant locations, where the
mesenchymal cells revert to an epithelial phenotype to complete metastasis
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[10]. On the other hand, several reports have elucidated that tumors are
highly heterogeneous, and only a small number of subpopulations within
the malignant tumor has the potential to invade the basal membrane and
finally metastasize to other organs [11]. Increasing evidence shows the
presence of cancer stem cells (CSCs) characterized by self-renewal,
differentiation and tumorigenic potential [12]. Although the process of
metastasis is still poorly understood, some reports demonstrated that CSCs
are responsible for the metastasis. Cancer stem cells associated with
metastasis which generate a hierarchy of stem-like cells by the
differentiation resulting in the cells initiating metastasis [13]. Some
evidence suggested that “metastatic CSCs” could be developed from the
original CSCs that evolved throughout tumor progression due to cell
plasticity.
Metastasis models allow to study how the tumor cells spread from a
primary tumor to other organs. Orthotopic transplantation of cancer cells
provides an important example of metastasis models, which have the
advantage to help us not only understand the whole metastatic cascade
from the initial invasion to metastatic spread through intravasation [14] but
also develop new therapies. In this context, intrasplenic injection of CSCs
demonstrated in this paper should be one of the most important ways to
assess the metastatic potential of tumor cells.
Our group developed a unique CSC model from miPS cells cultured
with a cancer cell-conditioned medium that mimicked the conditions of the
tumor niche [15]. For this model, our group proposed that CSCs could
originate from the normal stem cells/progenitor cells/undifferentiated cells
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in all tissues chronically affected by the inflammatory microenvironment,
which could be defined as “cancer-inducing niche” [16]. Using this model,
we observed that CSCs gave rise to vascular endothelial-like cells by
creating a niche that sustained the balance between self-renewal and
differentiation and supported the growth of heterogeneous tumors [17].
Furthermore, we proved that CSCs are a key source of CAF-like cells in
the tumor microenvironment [18]. In the present study, we assessed the
metastatic potential of CSCs, which were prepared from iPSCs treated with
the conditioned medium of Huh7 cells mimicking the “cancer-inducing
niche” to demonstrate that CSCs were responsible for the metastasis from
tissue to tissue
I.  

Results

1. Intrahepatic transplantation
1.1. miPS-Huh7cm cells metastasized to lung
We have reported that CSCs could be induced from miPSCs in the
presence of a cancer-inducing niche derived from cancer cell lines without
genetic manipulations as reviewed by Afify and Seno [11]. The CSCs have
been characterized in different ways to analyze the mechanisms of CSC
induction in vitro and in vivo. In this study, miPSCs were treated with the
CM derived from hepatocellular carcinoma cell line Huh7 cells to convert
miPSCs into CSCs in the absence of LIF. After 4 weeks of treatment, the
converted cells showed high metastatic potential in vitro compared to
miPSCs which confirmed using Matrigel invasion assay (Fugure.1).
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Figure 1. Metastatic potential of miPS-Huh7cm cells in-vitro.
A.   Invasion assay performed in miPSCs and miPS-Huh7cm cells.
B.   Summary bar graph illustrating the number of invaded cells in the lower side of
the filter.

Then, the converted cells were implanted in the liver of mice to
check the metastatic potential in vivo. Almost one month later, a malignant
tumor developed in the liver together with metastatic nodules in the lung
while teratoma developed from untreated miPSCs without metastasis
(Figure. 2). The primary cultured cells isolated from liver tumor were
named miPS-Huh7cm PL cells, and those from lung metastatic nodule cells
were named LuMNL cells. As both primary cultured cells were positive for
GFP signal when they made spheres, they were confirmed to be derived
from miPS-Huh7cm cells and not from host tissues, whereas the cells
derived from teratoma could not survive for more than one week.
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miPS-Huh7cm cells

BF

Huh7 conditioned medium
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BF

miPSCs

GFP
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injection into liver
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Teratoma

Liver Tumor !!! !

No metastasis

Metastasis in Lung
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Figure 2. Representative scheme showed the conversion and tumorgenicity
of miPS-Huh7cm cells. Representative image showed the conversion of mouse
induced pluripotent stem cells (miPSCs) into cancer stem cells (CSCs) in the
presence of Huh7 cells conditioned medium (CM) and showed the appearance of
orthotopic malignant tumor in the liver with lung metastasis from miPS-Huh7cm
cells, whereas miPSCs formed teratoma after 4 weeks. The primary cultures from
the malignant tumor and lung metastasis showed green fluorescent protein
(GFP)-expressing cells indicating the injected cells, whereas primary cells from
teratoma cannot survive.
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The primary tumor in liver exhibited a poorly differentiated phenotype,
high nuclear-to-cytoplasmic ratio, cytoplasmic degeneration and abnormal
mitotic figures, which were signs of malignancy (Figure 3). The metastatic
nodules in lung also showed high mitotic figures. This observation is
consistent with extra-hepatic metastasis, which is most often found as lung
metastasis in the case of liver cancer. As the control, miPSCs tumors had a
teratoma-like phenotype.
Teratoma

Liver Tumor

Metastasis in lung

Metastasis
Liver

Tumor
Lung

Figure 3. Histopathological analysis of representative of miPS-Huh7cm cells
derived tumor in comparison with lung metastasis and teratoma derived
from miPS. Hematoxylin–eosin-stained sections of malignant tumor in the liver,
which showed abnormal mitotic figures (white arrow), cellular infiltration of
blood vessels (bale yellow arrow), cytoplasmic degeneration (black arrow) and
high nuclear-to-cytoplasmic ratio, whereas lung metastatic nodules (white arrow)
showed the mitotic figure and tumor derived from miPS, which showed teratoma
phenotype.
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The tumor tissue derived from miPS-Huh7cm cells was found to be
rich in CSCs expressing CD44, liver CSC marker CK19 and interphase
marker

Ki67

as

well

as

GFP,

indicating

the

presence

of

miPSHuh7cm-derived cells (Figure 4). Vimentin and N-cadherin implied
the presence of mesenchymal cells, which should be responsible for
metastasis. Also, MMP9 and Snail/Slug were detected in the tumor tissue,
suggesting the metastatic potential of the tumor. Together with Vimentin
and N-cadherin, E-cadherin was found, indicating that the tumor tissue is
composed of a heterogeneous population of epithelial and mesenchymal
cells. From these observations, it could be concluded that miPS-Huh7cm
cells are CSCs with tumorigenic and metastatic potential in vivo.
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Figure 4. Immunohistochemistry (IHC) of miPS-Huh7cm cell-derived primary
tumor in liver in comparison with teratoma.
IHC against CD44, CK19, Ki67, GFP, Vimentin, N-cadherin, MMP9, Snail/Slug and
E-cadherin compared to miPS-derived teratoma.
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1.2. Characterization of miPS-Huh7cm cells, Primary tumor derived
cells and Lung metastatic cells
In adhesive culture condition, both miPS-Huh7cmPL and LuMNL
cells

exhibited

two

different

subpopulations

of

GFP-positive

colony-forming cells and GFP-negative fibroblast-like cells as well as
miPS-Huh7cm cells (Figure 2). The ratio of GFP positive and negative
cells was estimated by flow cytometry (Figure 5). The three cells contained
GFP positive cells between 20% and 65%, whereas undifferentiated
miPSCs were all GFP positive.

Figure 5. FACS analysis shows green fluorescent protein (GFP) population in
miPS-Huh7cm and miPS-Huh7cm PL cells and LuMNL cells.

By RT-qPCR analysis, miPS-Huh7cmPL cells and LuMNL cells
were confirmed to sustain the expression of endogenous stemness markers,
Nanog, Klk4 and c-Myc, as much as miPSCs and miPS-Huh7cm cells
(Figure 6a). On the other hand, the expression of CSC-markers such as
CD90, CD44 and ALDH1 was confirmed in miPS-Huh7cm cells, whereas
the

expression

of

those

markers

was

significantly

elevated

in

miPS-Huh7cmPL cells when compared to those in miPS-Huh7cm cells,
LuMN cells and miPSCs (Figure 6b).
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Figure 6. (A) RT-qPCR analysis of stemness markers in miPS-Huh7cm and
miPS-Huh7cm PL cells and LuMNL cells in comparison with miPSCs.; (B) RT-qPCR
analysis of CSC markers in miPS-Huh7cm and miPS-Huh7cm PL cells and LuMNL
cells in comparison with miPSCs.

The expression of metastatic markers such as slug, Twist1 and
vimentin was significantly different (P 0.01) between miPS-Huh7cmPL
and LuMNL cells, whereas fibronectin expressed an equivalent level
(Figure 7). The miPS showed little or very low expression of metastatic
markers, which is inconsistent with the result that miPSCs showed teratoma
formation without metastasis (Figure 2). The N-Cadherin expression was
elevated more than 100-fold in both miPS-Huh7cmPL and LuMNL cells,
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whereas it was elevated 10- to 20-fold in miPS-Huh7cm when compared to
miPSCs.

Furthermore,

LuMNL cells

showed

significantly

higher

expression of E-Cadherin, more than double when compared to
miPS-Huh7cmPL cells (P<0.001). Collectively, all these data suggest that
miPS-Huh7cm cells should undergo MET before the cells at the site of
metastasis partly differentiate into an epithelial phenotype.
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Figure 7. Real-time-qPCR analysis of metastatic markers (Slug and Twist1),
mesenchymal markers (Vimentin, N-cadherin, Fibronectin) and epithelial marker
(E-cadherin) in cells derived from intrahepatic transplantation (miPS-Huh7cmPL cells
and LuMNL cells) in comparison with miPS-Huh7cm cells and miPSCs.
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2. Intrasplenic transplantation
2.1. miPS-Huh7cm cells metastasized to liver and lung
Furthermore,
miPS-Huh7cm

cells,

to

investigate
intrasplenic

the

metastatic

transplantation

was

potential

of

performed.

Balb/c-nu/nu mice intrasplenically received 0.5x105 miPS-Huh7cm cells.
After 30 days from intrasplenic transplantation, 3 out of 3 mice presented
splenic tumors with liver metastasis as well as distant metastases in the
lung (Figure 8).
The primary tumor in spleen showed a malignant phenotype of high
nuclear-to-cytoplasmic ratio, and high mitotic figures. Also, liver
metastatic tumor or lung metastatic nodules showed a poorly differentiated
phenotype with high mitotic figures. This observation indicates the
metastatic potential of miPS-Huh7cm cells.

103

Chapter IV
  

Metastasis of CSCs developed from iPSCs

miPS-Huh7cm cells

Injection into spleen

After 4 weeks

Primary tumor in spleen

Liver metastasis

Lung metastasis

Figure 8. Representative scheme of intrasplenic transplantation of miPS-Huh7cm cells
and histological examination of derived tumors in different tissues. The results showed
that tumor formation in spleen, liver metastasis tumor and lung metastatic nodules.

Furthermore, IHC staining of GFP confirms that the metastatic cells
were the undifferentiated miPS-Huh7 cells, but neither differentiated
cancer cells nor the cells derived from the host (Figure 9).
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liver metastasis

Lung metastasis

Figure 9. Immunohistochemistry of derived tumors against GFP which confirmed that
miPS-Huh7cm cells were metastatic cells.

2.2.   Characterization of primary cells derived from spleen tumor,
liver metastatic tumor and lung metastatic nodules
The primary culture derived from the primary tumor in spleen was
named as miPS-Huh7cmPS cells, the cells derived from metastatic liver
tumor named as LiMN cells and the cells derived from metastatic lung
nodules were named as LuMNS cells. The three types of cells showed
positive for GFP when they formed spheres, indicating that the cells were
derived from miPS-Huh7cm cells and not from the host (Figure 10).
miPS-Huh7cm PS cells

LiMN cells

LuMNS cells

Figure 10. Representative images for adherent cultures of miPS-Huh7cmPS cells,
LiMN cells and LuMNS cells. Images show the differentiated cells and undifferentiated
GFP-positive cells. Scale bars represent 100 µm;
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The miPS-Huh7cmPS cells, LiMN cells and LuMNS cells were
confirmed expressing the endogenous stemness markers, such as Nanog,
Klf4 and c-Myc, at a comparable level to miPSCs and the cells derived
from intrahepatic transplantation. As for the expression of endogenous
Nanog, the three types of cells derived from intrasplenic transplantation
showed lower expression when compared to miPSCs or miPS-Huh7cm
cells but no significant difference when compared to cells derived from
intrahepatic transplantation (Figure 11). The three types of cells derived
from intrasplenic transplantation showed the elevation of Klf4 expression
in the same manner as the cells from intrahepatic transplantation when
compared to miPSCs. The LiMN cells showed a significantly high
expression of c-Myc when compared to all other cells.
Overall, cells derived from intrasplenic transplantation and
intrahepatic transplantation showed an elevation of CSC marker expression,
such as CD90, CD44 and ALDH1, when compared to miPSCs (Figure 11b).
A high magnitude of enhancement in the expression of the CSC markers
was observed in miPS-Huh7cmPL cells. The expression of stemness
markers such as Nanog, Kif4 and c-Myc in LuMNL cells was higher than
those in LuMNS cells. The LuMNL cells showed a tremendously high
expression of CD90, whereas expression of both CD44 and ALDH1 was
lower when compared to LuMNS cells.
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Figure 11. (A) RT-qPCR analysis of CSC markers (CD44,CD90,ALDH1) in cells
derived from intrahepatic transplantation (miPS-Huh7cmPL cells and LuMNL cells)
and intrasplenic transplantation-derived cells (miPS-Huh7cmPS cells, LiMN cells and
LuMNS cells) in comparison with miPS-Huh7cm cells and miPS; (B) RT-qPCR
analysis of stemness markers (Nanog, Klf4 and c-Myc) in cells derived from
intrahepatic transplantation (miPS-Huh7cmPL cells and LuMNL cells) and intrasplenic
transplantation-derived cells (miPS-Huh7cmPS cells, LiMN cells and LuMNS cells) in
comparison with miPS-Huh7cm cells and miPS.
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Cells derived from both intrahepatic and intrasplenic transplantation
showed equivalently high expression of metastatic markers Slug, Twist1,
N-cadherin, Vimentin, fibronectin and E-cadherin when compared to
miPSCs (Figure 12). The comparison of primary cultured cells,
miPS-Huh7cmPL cells and miPS-Huh7cmPS cells, showed no significant
difference between the expression of Slug and N-Cadherin.
The miPS-Huh7cmPL cells showed a relatively higher expression of
Twist1

and

vimentin

than

miPS-Huh7cmPS

cells,

whereas

miPs-Huh7cmPS cells showed a relatively higher expression of E-cadherin
than miPS-Huh7cmPL cells. Significant differences in the expression of
slug and fibronectin were found between LuMNS cells and LuMNL cells,
even though both were from lung metastasis. In contrast, LiMN cells
showed the highest expression of Twist1, vimentin, N-cadherin and
E-cadherin among all cells.
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Figure 12. Real-time-qPCR analysis of metastatic markers (Slug and Twist1),
mesenchymal markers (Vimentin, N-cadherin, Fibronectin) and epithelial marker
(E-cadherin) in cells derived from intrahepatic transplantation (miPS-Huh7cmPL cells
and LuMNL cells) and intrasplenic transplantation-derived cells (miPS-Huh7cmPS cells,
LiMN cells and LuMNS cells) in comparison with miPS-Huh7cm cells and miPS.
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According to the results of RT-qPCR (Figure 8), the metastatic
tumor in liver was assessed for several markers compared to the primary
tumor in spleen (Figure 13). Strong immunoreactivity to metastatic marker,
Slug/Snail, mesenchymal markers, Vimentin and N-cadherin, epithelial
marker, E-cadherin, and proliferative marker Ki67 was found in
immunohistochemical observation of the metastatic tumor in liver
compared to primary tumor in spleen. This observation indicates the
presence of a subpopulation of CSCs, which was confirmed by CD44.
CD44

E-Cadherin

Liver metastasis

Spleen tumor

Ki67

Vimentin

Snail/Slug

Liver metastasis

Spleen tumor

N-Cadherin

Figure 13. Immunohistochemistry of miPS-Huh7cm cell-derived tumor in
spleen and liver metastasis tumor. The tissue section was stained with antibodies
against CD44, Ki67, GFP, Vimentin, N-cadherin E-cadherin and Snail/Slug.
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III. Discussion
Metastasis is one of the most severe events in cancer. The
metastatic process depends not only on the characteristics of the primary
tumor cells but also on the tumor microenvironments, presence of immune
cells, extracellular matrix and stromal barriers [19–21]. Metastasis also
depends on the target tissue, which will provide the microenvironments
allowing the settlement of the metastatic cells and the growth of metastatic
tumor. To develop novel and effective therapy, the molecular events that
drive the metastasis following the progression of primary cancer should be
understood more precisely. Many reports described the link between CSCs
and the metastatic potential of the malignant tumor [22–25]. They
suggested that CSCs generated cellular heterogeneity by installing a diverse
hierarchy leading to a range of distinct cell types present within the tumor
[26]. This heterogeneity is considered responsible for metastasis [27].
Our group previously established a protocol to generate CSCs by
culturing miPSCs in the CM from cancer cell lines. Through the
experiments, the CM from cancer-derived cells was suggested to be rich in
the secreted factors that potentially mimic the tumor microenvironment
[15–18,28–30]. In this study, a model of metastasis to liver and lung was
established by orthotopic transplantation of CSCs derived from miPSCs
treated with the CM of Huh7 cells.
The CM from Huh7 cells successfully converted miPSCs into CSCs,
which developed a malignant tumor in liver 4 weeks after intrahepatic
transplantation (Figure 1). This malignant tumor exhibited metastasis to the
lung, which was considered to be the most common target tissue in
extrahepatic metastasis [31]. On the other hand, intrasplenic transplantation
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of tumor cells is a well-known effective method to develop liver metastases
[32]. The miPS-Huh7cm cells exhibited liver metastasis, which was
followed by lung metastasis, with 100% efficiency in immunodeficient
mice after 4 weeks of intrasplenic transplantation. Only one tumor formed
in the spleen, whereas we observed multiple metastatic nodules in different
liver lobes and numerous small nodules in the lung. From the sizes of the
tumor and nodules, the metastasis appears to occur sequentially from
spleen to liver and then to lung as a result of remetastasis of the metastatic
tumor that grew in the liver, a process described by Rashidi et al. [33].
Although the primary culture of the tumors developed from both
methods of transplantation showing the expression of CSC and stemness
markers, the intrasplenic transplantation-derived cells showed lower
expression of stemness and CSC markers when compared to intrahepatic
transplantation-derived cells, probably due to the tumor microenvironment
[34].
Transplantation and metastasis exhibited a different signature of
tumor development even in the same tissue. The pattern of gene expression
related to stemness, CSC markers, metastatic markers and mesenchymal
markers between primary liver tumor from intrahepatic transplantation and
LiMN cells was completely different in vitro (Figure 7, 8) and in vivo
(Figure 3, 9).
It is worth noting that LiMN cells showed the highest expression in
c-Myc, which was related to metastatic potential and correlated to
metastatic markers, when compared to all primary cells derived from
intrahepatic and/or intrasplenic transplantation. This finding is consistent
with other reports, which demonstrated that high c-Myc expression is
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detected in metastatic hepatic tumors compared with primary liver tumor
[35]. Despite transplantation in different places, liver and spleen, the
metastasized tumor that developed in the lung exhibited similar signatures.
The metastatic potential of CSCs developed from miPSCs was
evaluated by transplantation in the liver and spleen. These models exhibited
the upregulation of different sets of genes related to metastasis and
stemness. This approach of the transplantation of CSCs should be proposed
as a suitable model for therapeutic studies of metastasis.
Materials and Methods
1.   Cell culture
Mouse iPSCs (iPS-MEF-Ng-20D-17, Lot No. 012, Riken Cell Bank, Tokyo,
Japan), in which puromycin (puro) resistant gene and green fluorescent
protein (GFP) gene were cloned under the control of nanog promoter, were
maintained under a humidified 5% CO2 atmosphere at 37 °C on feeder
layers of mitomycin-C-treated mouse embryonic fibroblasts (MEFs)
(Reprocell, Yokohama, Japan) in miPS medium (DMEM containing 15%
fetal bovine serum (FBS), 0.1 mM Non-Essential Amino Acid (NEAA,
Life Technologies), 2 mM L-Glutamine, 0.1 mM 2-mercaptoethanol, 1000
U/mL Leukemia inhibitory factor (LIF, Millipore, MA, USA), 50 U/mL
penicillin and 50 U/mL streptomycin). Differentiated cells and MEFs were
removed by culturing in the presence of 1 µg/mL puro after passaging
miPS to feederless condition. Human HCC cell line Huh7 was obtained
from Riken Cell Bank, Japan and maintained in DMEM supplemented with
10% FBS. Then, cells were incubated in a 37 °C incubator with 5% CO2.
Medium was changed at 80% confluence to 5% FBS. The culture
supernatant known as CM was collected after 48 h, then filtered through a
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0.22 µm filter (Merck Millipore, MA). The miPS were cultured with CM
and miPS medium (1:1) in the absence of LIF and MEF feeder cells, the
media were changed every day for 4 weeks. miPS cells without treatment
with CM were used as control.
For primary culture, the tumor derived cells were prepared as
following.

The tumors formed by transplantation and metastatic nodules

in mice were independently excised and minced into pieces (approximately
1 mm3) and washed in HBSS for three times. The pieces were suspended
and incubated in 2 mL of dissociation buffer, PBS containing 0.25%
trypsin, 0.1% collagenase, 20% Knockout™ Serum Replacement (Gibco,
NY) and 1 mM of CaCl2, at 37 °C for 6 hours. Then, 5 ml of DMEM
containing 10% FBS was added to terminate the enzyme reaction. The
cellular suspension was centrifuged at 300 rpm for 3 min. The supernatant
was transferred to a new 15-ml tube then centrifuge at 1000 rpm for 10 min.
The cell pellet was resuspended in 5 ml DMEM containing 10% FBS. The
cells were cultured in a 60-mm dish coated with gelatin at a density of
3×105/dish. Then, the cells were treated with 1 µg/mL puromycin for 1
week to remove the host cells. The expression of GFP and cell morphology
was observed and photographed using an Olympus IX81 microscope
equipped with a light fluorescence device (Olympus, Tokyo, Japan).
2.   Animal Expermints
Female 4-week-old Balb/c-nu/nu immunodeficient mice were purchased
from Charles River (Kanagawa, Japan). Then, 5×106 cells were suspended
in sterile HBSS, and intrahepatic and intrasplenic transplantation were
performed on immunodeficient mice in a separate group. After 4 weeks, all
tumors were resected and sectioned for histologic analysis. All animal
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experiments were reviewed and approved by the ethics committee for
animal experiments of Okayama University under the OKU-2016078.
3.   RNA extraction and RT-qPCR
Total RNA was extracted from 8 samples using TRIzol RNA isolation
reagents (Life Technologies, CA) according to manufacturer’s instructions,
and the extracted RNA was treated with DNase I (Promega, Fitchburg, WI,
USA) to remove genomic-DNA contamination from samples. RNA
concentration was determined by measuring the optical density at 260 nm
using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies,
USA). RNA quality was assessed by combining information from several
control steps. Purity was estimated from the absorption ratios using the
NanoDrop. Only the RNA samples with (A260/A280 ratio = 1.8-2) were
used for further experiments. Four µg of RNA was used to prepare
complementary DNA using a GoScript™ Reverse Transcription System kit
(Promega, USA) according to kit instruction. The resulting cDNA diluted
1:10 in nuclease-free water and stored in aliquots at –80°C until used. Then,
RT-qPCR was conducted using a Light Cycler 480 SYBR green I Master
Mix (Roche Diagnostics GmbH, Mannheim, Germany) according to the
manufacturer’s instructions and melting curve analysis was also done to
confirm specificity of amplification.
bioinformatics

tools:

(BLAST,

All primers were tested by different
NCBI)

and

Primer3

tool

http://bioinfo.ut.ee/primer3-0.4.0/ to ensure primer specificity.
GAPDH was used as reference gene and different samples from
different passages were analyzed to confirm stability of housekeeping gene
level when compred to B. actin. Data were analyzed using LightCycler®
480 Software to calculate Cp values. All the data were normalized using
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GAPDH expression according to the manufacturer’s instructions. Primers
used are listed in Table 1.
Primers used are listed in Table 1.
Table 1. Primers used in RT-qPCR reactions
Gene

NM

Forward Primer

Reverse Primer

GAPDH

NM_008084

AACGGCACAGTCAAGGCCGA

ACCCTTTTGGCTCCACCCTT

188

Nanog

NM_028016.3

AGGGTCTGCTACTGAGATGCTCTG

CAACCACTGGTTTTTCTGCCACCG

364

Klf4

NM_010637.3

GGACTTACAAAATGCCAAGGGGTG

TCGCTTCCTCTTCCTCCGACACA

203

AGAAAAATGGCCGCTACAGTATC

TGCATGTTTCAAAACCCTTGC

123

CD44

NM_009851.2

product length

CD90

NM_009382.3

TGCAGCTAGGGGAGTCCAGAAT

TCCAGGCGAAGGTTTTGGTT

154

ALDH1

NM_001361503.1

AACACAGGTTGGCAAGTTAATCA

TGCGACACAACATTGGCCTT

175

Twist1

NM_011658.2

GCCGGAGACCTAGATGTCATTGT

TTAAAAGTGTGCCCCACGCC

164

E-cadherin

NM_009864.3

AACCCAAGCACGTATCAGGGG

GGGGTCTGTGACAACAACGA

162

N-cadherin

NM_007664.5

CCTTGCTTCAGGCGTCTGTG

CTTGAAATCTGCTGGCTCGC

191

Vimentin

NM_011701.4

GCCCTTAAAGGCACTAACGAG

ATTCACGAAGGTGACGAGCC

154

Fibronectin

NM_010233.2

CCAACCTCTTGGTGCGCTA

AATCGAGACCTGTTTTCTGCCT

192

4.   Flow cytometry
Flow cytometry analysis was conducted on cultured cells where around (5
× 105) cells were suspended in PBS and GFP expression was detected by
BD AccuriTM C6 Plus (BD, USA). Data were analyzed with Flowjo
software (Treestar Inc., San Carlos, CA, USA).
5. Histological analysis
5.1. Hematoxylin and Eosin staining
Sections were stained with Hematoxylin 0.5% (Sigma-Aldrich, St. Louis,
MO, USA USA) and Eosin Y (Sigma-Aldrich, St. Louis, MO, USA USA).
Slides were analyzed using a microscope (Eclipse Ti, Tokyo, Japan).
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5.2  . Immunohistochemistry
Immunohistochemistry (IHC) was performed the same as standard
procedures. Briefly, 5 mm tissue sections were deparaffinized in xylene
and rehydrated through a gradual decrease in the concentration of ethanol.
The antigen epitopes were then unmasked using sodium citrate buffer (pH
6.0) by a standard microwave heating technique After hydrogen peroxide
blocking and normal serum blocking Ig Blocking Reagent (Vector
Laboratories, Burlingame, CA USA) as a blocking buffer. Subsequently,
the sections were incubated overnight at 4 °C with the following primary
antibodies: CD44 (abcam, ab24504), GFP (cell signaling, #2956), Ki67
(abcam, ab66155), Snail/Slug (abcam, ab180714), CK19 (abcam, ab15463),
E-Cadherin (cell signaling, #3195), Vimentin (abcam, ab45939) and
N-cadherin (abcam, ab18203). After primary incubation, sections were
incubated with the appropriate biotinylated secondary antibodies (Vector
Laboratories, USA), followed by incubation with the ABC reagent (Vector
Laboratories, USA). Detection was accomplished using DAB substrates
(Vector

Laboratories,

USA).

Incubation

of

sections

with

phosphate-buffered saline (PBS) served as negative controls. Sections were
lightly counter-stained with hematoxylin and mounted. The IHC-stained
slides were mounted in Micromount (Leica, Nussloch, Germany).
6.   Statistical Analysis
Data from three independent experiments and mean values were presented
as mean ± SD at least three times determinations and analyzed by Student’s
t-test, as well as one-way analysis of variance (ANOVA). A P-value less
than 0.05 was considered to be statistically significant.
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Abbreviations:
CSC: cancer stem cell, iPSCs: induced pluripotent stems, EMT:
epithelial-to-mesenchyme

transition,

MET:

mesenchyme-to-epithelial

transition, LIF: leukemia inhibitory factor, miPS-Huh7cmPL cells: primary
cultured cells isolated from liver tumor, LuMNL cells: lung metastatic
nodule cells in case of intrahepatic transplantation, miPS-Huh7cmPS cells:
primary culture derived from tumor in spleen, LiMN cells: cells derived
from metastatic liver tumor, LuMNS cells: cells derived from metastatic
lung nodules, GFP: green fluorescent protein, MEFs: mouse embryonic
fibroblasts, MMP: matrix metalloproteinase
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