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국문 요약

간은 사람 신체 내에서 중심에 자리 잡고 있으며, 약물, 화학물의 분해와 외부에서 들어

오는 독성을 해독하며, 몸에 필요한 다양한 물질을 합성하는 중요한 장기이다. 오늘 날,

미국에서만 10 만명 이상의 간질환 환자가 발생하고 있으며, 그 중 12,000 명이 매년 간

질환으로 인해 사망한다고 하며, 한국에서도 2018 년도 통계에 따르면 간질환으로 사망

한 사람의 수가 전체 사망자 수의 7 위에 해당한다고 한다. 이렇게 간질환으로 인해 사

망하는 사람의 수가 많은 이유는 심각한 간 질환을 가진 환자들의 대부분의 치료법으로

간 이식을 통해서만 병을 치료할 수 있기 때문이다. 하지만 이식할 수 있는 간 조직의

공급은 수요에 비해 부족하며, 장기 이식 후 나타나는 다양한 거부 반응, 이식 후 면역

억제제 복용에 따른 부작용 등으로 인해 이식 수술을 대체할 재생 치료제의 개발 필요성

이 대두되고 있다.

최근 줄기세포를 이용한 치료 기술의 발전으로 인해 줄기세포를 이용한 치료법

개발이 활발히 일어나고 있으며, 다양한 조직에서 유래한 줄기세포를 원하는 조직 세포

(피부, 연골, 심장세포 등)로 분화하여 이를 치료제로 사용하려는 세포 치료제 연구가 진

행되고 있다. 특히, 만능줄기세포 (human induced pluripotent stem cells, hiPSC)와 배아 줄기세

포 (human embryonic stem cells, hESC) 등을 이용하여 연구가 진행 중이지만, 이는 체내로

들어갔을 때, 암화가 진행 될 수 있으며, 이를 조절할 수 없기에 안정성이 떨어진다는 연

구결과가 나오고 있다. 따라서 현재 안정성이 검증된 태아 혹은 성체 조직에서 유래한

중간엽 줄기세포 (mesenchymal stem cells, MSC)을 추출하여 필요한 조직으로 유도하고 이

식하는 연구가 활발히 진행되고 있다.

본 연구에선 태아에서 얻을 수 있는 제대혈과 양막 유래 줄기세포와 성체에서
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얻을 수 있는 골수와 간조직 유래 줄기세포를 추출하여 세포의 크기, 분화능력, 면역조절

작용, 미토콘드리아 기능 검사 등을 진행하여 각 유래 별 줄기세포의 특징을 연구하였다.

또한 세포 치료를 위해선 다량의 세포를 확보 하는게 중요한데, 양막 유래 줄기세포는

다량으로 배양할 수 있는 특징을 가지고 있으므로 여기에 잘 들어 맞는 세포임을 밝혔다.

다음으로 이러한 특징들을 종합하여 세포 치료에 가장 유능할 것이라고 생각되어지는 양

막 유래 줄기세포를 선택하여 간세포로의 분화를 진행하였다. 특히 본 연구에선

transcriptome 분석을 통해 양막 유래 줄기세포의 유전체 발현 정도를 분석하였다. 양막

유래 줄기세포엔 GATA 6의 발현이 낮으며, GSK3의 발현이 높아 간세포로 분화가 어려워, 

CHIR99021이라는 화학물질을 첨가하여 간세포로의 분화 효율을 올렸다. 특히, 폴리 비닐

알코올 (PVA)라는 이용, 그동안 많은 간 분화를 위해 사용했던 FBS를 대신하여 PVA를

분화에 사용함으로써, 외부 물질이 오염되지 않고 효율적으로 양막 줄기세포를 간세포로

분화할 수 있는 간 분화 프로토콜을 적립하였다. 또한 이 간세포가 알부민을 합성하여

외부로 분비하며, 몸에서 중요한 간 특이 효소로 외부 항원을 분해 한다고 알려진

CYP3A4가 발현하고 활성이 된다는 것도 실험을 통하여 밝혔다. 마지막으로 본 연구에선

안정적인 간질환 마우스 모델을 확립하여 양막 줄기세포에서 분화된 간세포를 이식하고, 

치료 효과와 이식 효율 등을 실험하여 성공적으로 양막 줄기세포 유래 간세포가 간질화

마우스 모델에 이식되는 것을 확인하였다.

본 연구는 세포 치료에 유망할 것이라고 생각되어지는 양막 유래 중간엽 줄기세

포를 사용하여 간 분화를 진행하였다. 또한 줄기세포의 유전체 분석을 통해 같은 장기의

줄기세포 유래임에도 조금씩 다른 세포 내 기전이 있다는 것을 밝혔다. 또한 유전체 분

석을 통해 새롭게 적립한 효율적이고 외부 항원 감염이 없는 간세포 분화 방법을 적립하

여 기능이 존재하는 간세포를 줄기세포로부터 분화하였다. 마지막으로 간세포가 임상학
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적으로 사용될 수 있는 가능성을 간 질환 동물 모델을 통해 전임상학적으로 제시하였다.

따라서 기능이 있고 이식이 가능한 줄기세포 유래 간 세포 분화 방법을 연구함으로써 앞

으로의 간질환 환자의 세포 치료에 일조하고자 하였다.
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Abstract

The liver plays a critical role in the human body, such as detoxification, synthesis, and metabolism. 

Unfortunately, many people suffer from liver diseases, and the number was increased every year. 

Recently, stem cell technologies were advanced, and stem cells are expected to replace liver 

transplantation in the future. Particularly, Mesenchymal stem cells (MSCs) are in the spotlight for cell 

therapy.

At the beginning of this study, we determined one MSC line that was appropriated for cell 

therapy and hepatic differentiation through several experiments, such as a measurement of cell size, 

pluripotency, immunomodulation, and mitochondrial function. As a result, amnion-derived 

mesenchymal stem cells (AM-MSCs) are a great source of stem cell therapy for patients with liver 

diseases. However, there are obstacles to their use due to low efficiency and xeno-contamination for 

hepatic differentiation. Thus, we established an efficient protocol for differentiating AM-MSCs into 

hepatocyte-like cells (HLCs) by analyzing transcriptome-sequencing data. In AM-MSCs, hepatic 

development-associated genes, including GATA6, EGF, AFP, and FGF2 were downregulated, and GSK3

was upregulated. The high levels of GSK3 could repress the induction of hepatocytes. Based on this 

result, we established an efficient hepatic differentiation protocol using the GSK3 inhibitor, CHIR99021, 

with various supplements. Moreover, to generate the xeno-free conditioned differentiation protocol, we 

replaced fetal bovine serum (FBS) with polyvinyl alcohol (PVA). As a result, PVA was improved 

differentiation ability, such as upregulation of hepatic progenitor, hepatocyte-related, and metabolism

markers. Finally, we measured the hepatocyte functions with the expression of gene levels and protein, 

secretion of albumin, and activity of CYP3A4. The differentiated HLCs not only synthesized and 

secreted albumin but also metabolized drugs by the CYP3A4 enzyme.

Further, to test the transplantable potential of AM-HLCs, we optimized a transplantation date, 

12 days after initiation of differentiation, based on the expression of hepatic progenitor gene and 

mitochondrial function. Finally, we established a mouse model of acute liver failure using a 

thioacetamide (TAA) and cyclophosphamide monohydrate (CTX) and transplanted AM-hepatic 

progenitors (HPCs) in the mouse model through splenic injection. When the AM-HPCs were 

transplanted into the liver failure mouse model, they settled in the damaged livers and differentiated 

into hepatocytes. This study offers an efficient and xeno-free conditioned hepatic differentiation 

protocol and shows that AM-HPCs could be used as transplantable therapeutic materials. Thus, we 

suggest that AM-MSC-derived HPCs are promising cells for treating liver disease.

Key words: Liver, Mesenchymal stem cells, Amniotic membrane, Liver failure, Transplantation
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Graphical summary of the study
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I-1. Abstract

The liver plays a critical role in the human body, such as detoxification of drugs, the synthesis of proteins 

and hormones, and supporting glycogen and cholesterol metabolism. Since it is an important organ, 

many people die from liver failure. Liver replacement therapy is considered a gold standard for patients 

with liver failure. However, there are many limitations to receiving liver transplantation for clinical 

treatment. Recently, stem cell technology has advanced and provided more expandable sources of liver 

cells for regenerative medicine. Mesenchymal stem cells (MSCs) can be isolated from diverse tissues 

and have stem cell markers, low immunogenicity, and differentiation potential. Moreover, MSCs are 

known to secrete liver regeneration-related growth factors and can support liver regeneration. Based on 

these findings, MSCs obtained from various organs have recently been explored as a more acceptable 

source of hepatocyte-like cells, especially with their ability to differentiate towards hepatogenic lineages.

In this part, we introduce the liver, liver disease, stem cells, and mesenchymal stem cells for 

understanding the overall thesis. Moreover, we investigated cell size, pluripotency, immunomodulation, 

and mitochondria function in the four different organ-derived MSCs, bone marrow (BM)-MSCs, 

umbilical cord matrix (UCM)-MSCs, liver-derived (LD)-MSCs, and amniotic membrane (AM)-MSCs. 

In the results, AM-MSCs had a small cell size and worked better immunomodulation and mitochondria 

function than other MSC lines. The stem cells also expressed pluripotent-related genes. Moreover, they 

had mass-production potential that was helpful for cell therapy. Therefore, we chose the AM-MSCs 

which were relatively suitable for cell therapy and hepatic differentiation, and used the cells in further 

study. 

Key words: Liver, Liver failure, Stem cells, Mesenchymal stem cells, Umbilical cord matrix, Bone 

marrow, liver-derived, Amniotic membrane
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I-2. Research Background and Introduction

I-2-1. The Liver

The liver is an organ of the digestive system only found invertebrates which are located in the right 

upper quadrant of the abdomen, below the diaphragm in humans [1, 2]. This organ plays a key role in 

the detoxification of drugs, the synthesis of proteins, and the production of biochemicals that are 

necessary for digestion and growth. Its also roles in metabolism include the production of hormones, 

the regulation of glycogen storage, and decomposition of red blood cells [3]. 

Cellular anatomically, the liver is composed of several cell types, such as hepatocytes, biliary 

epithelial cells (cholangiocytes), stellate cells, Kupffer cells, and liver sinusoidal endothelial cells. Each 

of these cells has unique functions that cooperatively regulate hepatic function [4]. Hepatocytes are the 

primary epithelial cell population of the liver. They comprise most of the liver volume, approximately 

80 %, and perform many of the functions ascribed to the liver, such as protein synthesis, carbohydrate 

metabolism, lipid metabolism, and detoxification [5]. The proteins, which were synthesized by 

hepatocytes such as α-fetoprotein, albumin, transferrin, plasminogen, fibrinogen, and clotting factors, 

were secreted into circulation. Particularly, serum albumin, synthesized only by hepatocytes, is the most 

abundant circulating protein and plays a critical role. It maintains the osmotic pressure of the blood 

compartment, provides nourishment of the tissues, and transports hormones, vitamins, drugs, and other 

substances such as calcium [6-8]. Moreover, the liver is the first organ exposed to venous blood draining 

from the gut. The venous blood, it composes of various toxins such as lipids and iron. Therefore, the 

liver should remove and process toxins that could damage organs without detoxification capabilities [9]. 

Cytochrome P450 (CYPs), which is located in the endoplasmic reticulum of hepatocytes, metabolizes 

various endogenous and exogenous chemicals and is important for the clearance of various compounds, 

such as toxins and drugs [10]. Thus, since the liver plays a critical role in the human body, liver failure 

from any number of sources is still a global problem

I-2-2. Liver Disease

Liver disease can be the result of acute or chronic or acute-on-chronic causes such as alcohol, toxic 

drugs, viral infection, and genetic factors [11, 12]. There are four stages of the progress of liver disease; 

steatosis, fibrosis, cirrhosis, and end-stage liver disease (ESLD) [13]. In the early stage of the disease, 

as known as the steatosis stage, the liver becomes enlarged or inflamed with no symptoms. In this stage, 

the organ can be reversibly regenerated to normal liver. However, the inflammation continues, the 

damage can occur in liver fibrosis. Hepatic fibrosis is occurred by the wound-healing response of the 
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liver to repeated injury [14]. After occurring the inflammation injury, the organ starts to regenerate and 

replace the necrotic or apoptotic cells. However, since the regeneration capacity is limited, hepatocytes 

are substituted with abundant extracellular matrix (ECM), including fibrillar collagen. In this stage, the 

liver can be still reversibly regenerated, but treatment is needed [15]. After a long period of 

inflammation and fibrosis, a fibrotic liver advance to the cirrhosis stage. In this stage, the organ is 

impaired in its function. It is most commonly caused by alcoholic liver disease, non-alcoholic 

steatohepatitis, chronic hepatitis B, and chronic hepatitis C. The damage from cirrhosis generally cannot 

be reversed, but treatment, such as liver transplantation and palliative care, can stop or delay further 

progression [16]. Finally, continually advancing the liver cirrhosis, the organ is completely deteriorated 

and occurred the ESLD and liver cancer. In this stage, removal or transplantation of the normal liver is 

the only method to cure the organ.

Approximately 100,000 individuals per year are diagnosed with alcoholic liver disease and 

12,000 people die only in the US [17]. Particularly, liver replacement or liver transplantation is 

considered the only cure method for patients with end-stage liver failure [18]. However, the shortage of 

available organs, high cost, the side effect of graft, and the requirement of lifelong immunosuppression, 

which can be occurred the incidence of tumor formation [19], makes it mandatory to seek alternate 

hepatic regeneration approaches. Recently, advanced stem cell technologies have extended the 

resources of regenerative medicine, and stem cells are expected to replace liver transplantation in the 

foreseeable future [20]. 

I-2-3. Stem cells

Stem cells are defined that cells that have the ability of self-renewal and developmental potency. It can 

be differentiated into any type of cells followed by several specialization steps [21]. There are several 

types of stem cells, such as totipotent stem cells (TSC), pluripotent stem cells (PSC), induced 

pluripotent stem cells (iPSC), and mesenchymal stem cells (MSC). The TSC can differentiate into any 

type, such as the whole organism include the placenta, of cells. The example of TSC is a zygote. The 

PSC can form cells of all germ layers except extraembryonic structures like the placenta. Embryonic 

stem cells (ESC) are an example. The iPSC is multipotent stem cells that are generated from normal 

tissue cells using direct reprogramming technologies invented by Yamanaka Shinya [22, 23]. The 

discovery of these stem cells raises expectations for the treatment of diseases which cannot be cured by 

the present medical statement. 

To obtain transplant cells for liver disease, hepatocytes or hepatic progenitor cells [24], PSC, 
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such as iPSC [25] or ESC [26], MSC [27], hepatic progenitor cells isolated from the liver or derived 

from hepatocytes, or hepatocytes themselves, are used [28]. Until now, these sources have had several 

limitations for clinical application. For example, iPSCs display a high risk of tumorigenicity and have 

low-efficiency differentiation ability, the use of ESCs is limited by their genetic background in terms of 

HLA types. However, unlike the cells described above, MSC can be easily extract from specific tissue 

in the human, such as bone marrow, umbilical cord blood, and grow readily in the culture dish. Moreover, 

they have intrinsic differentiation potentials and produce an abundance of useful growth factors and 

cytokines. MSCs have safety profiles to be used for clinical trials, these days. Thus, MSCs have been 

considerably expected as effective tools for cell-based therapy [29]. 

I-2-4. Mesenchymal stem cells

MSC are hierarchical postnatal stem cells that have a self-renewing and multi-lineages differentiation 

potency [30]. MSCs turn out to be a prominent issue in the research of stem cells area because of their 

biological significance and clinical applications. MSC has distinctive properties, such as ease of 

isolation and cultivation, plasticity, homing effect towards the injured area. They also perform the anti-

inflammatory and anti-apoptotic activity in threatened tissues as well as immunomodulation, 

antimicrobial, and bacterial clearance activity [31]. These specific characteristics of MSC make an 

appropriate resource for the clinical treatment of diverse human diseases. Over the past 30 years, MSCs 

have exhibited an excellent safety profile for clinical trials, so that there are now over 950 registered 

MSC clinical trials listed with the Food and Drug Administration (FDA) [32]. 

Because of these properties, recently, MSC is used for differentiation studies, such as 

cardiomyocytes, neural, vascular, and liver. For cell therapy, primary tissue-derived cells extracted from 

the human organ are culture in vitro environment, but the culture is very difficult and makes them lose 

their own properties [33]. Thus, various research is conducted to obtain a large number of differentiated 

cells from MSC which is capable of mass robust culture for cell therapy [34]. 

In this study, we examined the characteristics of MSC extracted from bone marrow (BM), 

umbilical cord matrix (UCM), liver-derived (LD), amniotic membrane (AM). Then, we chose an 

appropriate MSC line for cell therapy using several parameters. Moreover, we established an efficient 

protocol using RNAseq analysis for differentiating AM-MSCs into HLCs by adding the GSK3 inhibitor, 

CHIR99021, and polyvinyl alcohol (PVA) instead of fetal bovine serum. We also conducted the hepatic 

function test of differentiated cells. Finally, we identified the optimum time for transplantation after 

initiating in vitro differentiation by measuring the expression of the carboxypeptidase M (CPM) and the 
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oxygen consumption rate of mitochondria. Hepatic progenitor cells transplanted into a mouse model 

induced by thioacetamide (TAA) and cyclophosphamide monohydrate (CTX) settled and cured in the 

damaged livers.
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I-3. Materials and Methods

I-3-1. Cell Isolation

Mesenchymal stem cells were extracted from the liver tissue and amniotic membrane after delivery. 

The tissues were approved by the Institutional Review Board (IRB) of Asan Medical Center (Seoul, 

Korea; authorization number – liver tissue: 2018-1386; amniotic membrane: 2015-0303), and informed 

consent was obtained from participants. 

To isolate the stem cells from each tissue, both were transferred into a Petri dish with 0.1 % 

collagenase IV and cut into small pieces under sterile conditions using operating scissors. The small 

pieces of tissue were transferred to a MACS C tube (Miltenyi Biotec, Bergisch Gladbach, Germany) 

and mechanically dissociated with a MACS Dissociator (Miltenyi Biotec). The dissociation method 

was followed by the manufacturer’s instructions. After dissociating the tissues, dissociated cells were 

centrifuged at 500 x g for 3 min. The supernatant was removed, and RBC was lysed with 1 x RBC lysis 

buffer (eBioscience, San Diego, California, USA). Then, the culture medium was added and centrifuged 

at 800 x g for 3 min. The supernatant was removed, and the pellet was resuspended with a culture 

medium. The cells were plated in 0.1 % gelatin (Sigma Aldrich, MO, USA)-coated culture dishes. Only 

cell preparations with fibroblast-like morphology were used in further experiments. 

I-3-2. Cell Culture

In this study, human umbilical cord matrix and bone marrow-derived stem cells (UCM-MSCs and BM-

MSCs) were provided by the Asan Stem Cell Center (Asan Institute for Life Sciences, Seoul, Korea).

The cells were obtained from the previously described protocols [35]. All stem cells, such as UCM-

MSCs, BM-MSCs, LD-MSCs, and AM-MSCs, were cultured on 0.1 % gelatin-coated culture dished 

with a culture medium. The culture medium was composed of DMEM/F12 supplemented with 10% 

fetal bovine serum (FBS; Gibco, NY, USA), 10 ng/ml fibroblast growth factor 2 (FGF2; Peprotech, 

Rocky Hill, NJ, USA), 1% NEAA (Gibco), 1% Penicillin/Streptomycin (GeneDirex). The cells were 

passaged every 3 to 4 days using trypsin/EDTA (Gibco, NY, USA).

I-3-3. Cell surface proteins analysis

Cell membrane surface proteins were measured by a flow cytometric machine. To analyze the stem 

cells, the stem cells were collected after detachment with trypsin/EDTA and stained for 30 min at 4°C 

with immunofluorescence-conjugated primary antibodies. The following antibodies were used in this 

study: PE-CD34, FITC-CD90, FITC-CD105, and FITC-CD47 (BD Biosciences Pharmingen, San 
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Diego, CA, USA). After staining, the cells were washed with PBS and suspended in 0.2 ml PBS for 

analysis. The fluorescence of samples was measured using a FACS Calibur (Becton Dickinson and 

Company, NJ, USA) and analyzed with FlowJo software (ver 10.6.1; Treestar, OR, USA).

I-3-4. Quantitative RT-qPCR

To measure a relative mRNA expression in four different types of mesenchymal stem cells, total RNA 

was extracted using an RNeasy Mini Kit (Qiagen, CA, USA) following the manufacturer’s instructions.

Then, cDNA was synthesized using an Ultrascript 2.0 cDNA Synthesis Kit (PCR Biosystems, London, 

UK), and qRT–PCR was conducted with a Power SYBR® Green PCR Master Mix (Applied Biosystems, 

CA, USA) on a QuantStudioTM real-time PCR System (Applied Biosystems). GAPDH was used as an 

internal control. The primer sequences, which were used in this study, are listed below the table.

Gene name Primer sequence (5' to 3')                 *F, Forward; R, Reverse

OCT4
F: GAAGGATGTGGTCCGAGTGT
R: GTGAAGTGAGGGCTCCCATA

NANOG
F: CAAAGGCAAACAACCCACTT
R: TCTGCTGGAGGCTGAGGTAT

SOX2
F: AACCCCAAGATGCACAACTC
R: CGGGGCCGGTATTTATAATC

TNFα
F: TCAGATCATCTTCTCGAACCCC
R: ATCTCTCAGCTCCACGCCAT

IL-1β
F: AATCTGTACCTGTCCTGCGTGTT
R: TGGGTAATTTTTGGGATCTAACTCT

IL-6
F: GGAGACTTGCCTGGTGAAAA
R: GTCAGGGGTGGTTATTGCAT

TGFβ1
F: GGCCAGATCCTGTCCAAGC
R: GTGGGTTTCCACCATTAGAC

IL-10
F: GGTTGCCAAGCCTTGTCTGA
R: AGGGAGTTCACATGCGCCT

ALP
F: ACCATTCCCACGTCTTCACATTT
R: AGACATTCTCTCGTTCACCGCC

OCN
F: CAAAGGTGCAGCCTTTGTGTC
R: TCACAGTCCGGATTGAGCTCA

FABP4
F: GCTTTGCCACCAGGAAAGTG
R: ATGGACGCATTCCACCACCA

PPARγ
F: GATACACTGTCTGCAAACATATCACAA
R: CCACGGAGCTGATCCCAA

GAPDH
F: GCCTCAAGATCATCAGCAATGC
R: TGGTCATGAGTCCTTCCACGAT

I-3-5. Mixed Lymphocyte Reaction assay

To measure the immunomodulation of MSCs, we conducted a mixed lymphocyte reaction (MLR) assay 

which was previously reported [36]. Briefly, peripheral blood mononuclear cells (PBMCs) were isolated 

from 2 different healthy volunteers by density gradient centrifugation using Ficoll-Paque PLUS (GE 
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Healthcare, Piscataway, NJ, USA). One lot of PBMCs were treated with 10 µg/mL mitomycin C (Sigma 

Aldrich, St. Louis, MO, USA) solution to prepare stimulated cells. After 1 h, the cells were washed with 

RPMI 1640 (Hyclone) supplemented with 10% FBS at least 3 times. MLR assays were performed by 

co-culturing PBMCs obtained from identical individuals or PBMCs from different individuals in 96-

well flat-bottom plates (Corning Incorporated – Life Sciences, Durham, NC, USA) (1.0 × 105 cells/well), 

respectively. The cells were incubated at 37 ◦C with 5% CO2 for 9 days. To measure the effect of stem 

cells on immune cell proliferation, UCM-MSCs, BM-MSCs, LD-MSCs, and AM-MSCs were passaged, 

counted, seeded, and co-cultured with PBMCs (1.0 × 105 cells/well) for 96 h. To measure the 

proliferation index, viable cells were counted using the Viability Assay Kit (MediFab, Seoul, South 

Korea) according to the manufacturer’s instructions. Briefly, cell viability solution was added to each 

well before adding stem cells and 96 h after co-culturing with stem cells. After a 2 h incubation, the 

optical density was measured at a wavelength of 450 nm. The proliferation index was calculated by 

dividing the mean optical density values of cultured cells after 96 h with the mean optical density value 

of cells before the addition of stem cells (n = 4).

I-3-6. Seahorse assay

To measure oxygen consumption rates (OCR), four different types of mesenchymal stem cells were 

seeded at 7000 cells/cm2 in 0.1% gelatin-coated XFe24 cell culture plates (Agilent Technologies, Santa 

Clara, CA, USA). Mitochondrial OCR was measured with an XF Cell MitoStress test kit in an XF24 

extracellular flux analyzer (Agilent Technologies) and calculated as described [36]. Values were 

normalized by the amount of cellular DNA.

I-3-7. Osteogenesis and adipogenesis of AM-MSCs

Differentiation was performed using Osteogenesis and Adipogenesis differentiation Kit (Thermofisher 

Scientific) to generate the osteocytes and adipocytes in AM-MSCs. The differentiation protocols were 

performed according to the kit’s recommendations.

I-3-8. Measuring the cell growth rate

To measure the extent of cell growth rate, stem cells were seeded at 1 x 105 cells in 0.1% gelatin-coated 

6-well plates at every passage. Cell numbers were counted by hemocytometer. The extent of cell number 

was calculated as a cell growth rate from the formula: Day 3 cell number/1 x 105 cells.
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I-3-9. Production of B2M-KO-AM-MSCs

Human genomic B2M sequences were analyzed and selected using the web tool Benchling 

(https://benchling.com/). B2M-specific CRISPR-Cpf1 expression vector was constructed by cloning 

the annealed oligomers (5’-agatCCGATATTCCTCAGGTACTC-3’ and 5’-

aaaaGAGTACCTGAGGAATATCGG-3’) into a pY108 lentiviral vector (Addgene, plasmid #84739). 

Infectious lentiviral particles were produced as described previously and were precipitated using Lenti 

Concentrator (Origene, Rockville, Maryland, US) according to the manufacturer’s protocol [37]. To 

produce stable B2M-KO-AM-MSCs, resuspended lentivirus in culture media were added to AM-MSCs 

and were incubated for 24 h in the culture medium. The cell culture medium was replaced with a fresh 

medium containing 4 μg/ml puromycin and incubation continued for a further 24 h. AM-MSCs in which 

B2M was knocked out and that did not express MHC I was selected with a BD FACSAria™ III Cell 

Sorter. B2M-KO was accessed by an Indel sequencing primer like the below table.

Gene name Primer sequence (5' to 3')                 *F, Forward; R, Reverse

B2M (Indel sequencing primer)
F: GCTATGAGTGCTGAGAGGGC
R: CACGGCAGGCATACTCATCT

I-3-10. Statistical analysis

All experiments were performed on at least three (n = 3) independent biological samples, and data are 

presented as means ± standard deviations (SD). Statistical analysis was performed using GraphPad 

Prism 6.0 software (GraphPad Software, CA, USA). Comparisons of three or more data sets were 

performed by one-way ANOVA followed by Bonferroni’s multiple comparison tests. Two-group 

comparisons were made using two-tailed Student’s t-tests. P <0.05 was considered statistically 

significant.
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I-4. Results

I-4-1. Phenotypical comparison of human mesenchymal stem cells from the umbilical cord, bone 

marrow, liver, and amniotic membrane

To characterize four different types of mesenchymal stem cells (umbilical cord matrix-derived 

mesenchymal stem cells (UCM-MSCs), bone marrow-derived MSCs (BM-MSCs), liver-derived 

mesenchymal stem cells (LD-MSCs), and amniotic membrane-derived mesenchymal stem cells (AM-

MSCs)), we compared a shape, CD marker, size, and pluripotent-related genes of the stem cells. 

Morphologically, the four different MSCs were fibroblast-like shapes with ovoid nuclei as known as 

common MSCs [38] (Figure. 1A). Moreover, all types of MSCs have expressed the MSC surface 

markers, CD90 and CD105, but did not express CD34 like common MSCs [39] (Figure. 1B). In terms 

of size and granularity, AM- and LD-MSCs were relatively smaller than other types of MSC lines, while 

the BM-MSCs were relatively biggest (Figure. 1C). All types of MSCs were expressed pluripotent genes, 

such as OCT4, NANOG, and SOX2. OCT4 was most expressed in AM-MSCs, while NANOG and SOX2

were most expressed in BM-MSCs (Figure. 1D). 

I-4-2. Cellular characteristics as human mesenchymal stem cells

We also researched about cellular characteristics of four MSC lines. Previous studies have reported that 

MSCs were expressed various inflammation-related cytokines, and modulated immune systems [32]. 

Therefore, we measured the expression of anti- and pro-inflammation-related cytokines in four different 

types of MSC lines. As we expected, the inflammation-related cytokines were expressed in four types 

of MSCs, but the expression levels were all different (Figure. 2A). Next, we evaluated the 

immunomodulation of four different types of MSCs using a mixed lymphocyte assay. As a result, AM-

MSCs and LD-MSCs had relatively higher immunomodulation capacity than other MSCs lines (Figure. 

2B). We also measured the mitochondrial function of stem cells using seahorse assay in three other 

MSCs, such as UCM-MSCs, LD-MSCs, and AM-MSCs. Previous studies have reported that 

mitochondria play an important role in regulating stem cell activity and fate decisions. Low 

mitochondrial function in stem cells induced deterioration of stem cell function [40]. Therefore, we 

evaluated the mitochondrial function in stem cells to select appropriate stem cells for use in hepatic 

differentiation. As a result, maximal OCR levels were significantly high in AM-MSCs, and ATP 

production was significantly high in two different AM-MSC lines (Figure. 2D). 

Finally, we summarized the characteristics of four other MSC lines and chose the MSC lines 

to be suitable for cell therapy and hepatic differentiation based on the summary (Table. 1). We evaluated 
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Figure 1. The phenotypes of human mesenchymal stem cells from various tissues.

(A) Morphology of mesenchymal stem cells (MSCs) isolated from the various organ, umbilical cord 

matrix (UCM), bone marrow (BM), liver (LD), amniotic membrane (AM). Scale bar = 200 μm. (B) 

Flow cytometric analysis shows that all MSCs had similar characteristics in terms of expression of MSC 

surface markers (CD90 and CD105) and absence of a hematopoietic stem cell marker (CD34). (C) The

relative comparison of cell size using flow cytometric graph, FSC-SSC plot. FSC represents cell size, 

and SSC represents the granularity of cells in flow cytometry (Black dot: UCM-MSCs, Blue dot: BM-

MSCs, Green dot: LD-MSCs, Red dot: AM-MSCs). (D) RT-qPCR analysis of pluripotency-related 

genes, OCT4, NANOG, and SOX2. GAPDH was used as an internal control. P-values < 0.05 were 

considered significant. *, P < 0.05; **, P < 0.01, ***, P < 0.001. 
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the stem cells under four other characteristics, such as cell size, pluripotency, immunomodulation, and

mitochondrial function. The cell size of MSCs is significantly bigger when they are injected into the 

vascular [41]. Moreover, pluripotency and mitochondrial function were important characteristics for 

differentiation, and immunomodulation was critical for transplantation [42]. Thus, when evaluated from 

four characteristics, AM-MSCs were the most suitable MSC line for cell therapy and hepatic 

differentiation. AM-MSCs had lower pluripotency than BM-MSCs, but it has advantages of size, 

immunomodulation, and mitochondrial function. 

I-4-3. The mass-production potential of AM-MSCs

For applications as cell-based therapies, large-scale expansion of stem cells is required. To test the mass-

production potential of AM-MSCs, we counted the number of stem cells isolated per cm2 of the amniotic 

membrane (Figure. 3A). In three independent experiments, the average number of AM-MSCs has 

harvested 2 x 106 cells per cm2. These stem cells were grown at least 8-fold at every passage up to 10-

passage (Figure. 3B). 

To confirm that AM-MSCs maintain their characteristics until passage 10, first, we measured 

the mRNA expression of pluripotent markers [43], OCT4, NANOG, and SOX2, in every other passage. 

All three genes were expressed at similar levels among passages (Figure. 3C). Second, we examined 

the mesenchymal lineage differentiation ability and conducted osteogenic and adipogenic

differentiation using passages 2 and 10 of AM-MSCs. Both passages were highly expressed than 

undifferentiated AM-MSCs in terms of the osteogenic markers; ALP and OCN and adipogenic markers; 

PPARγ and FABP4 (P < 0.001, Figure. 3D). Between 2 passages, the levels were comparable, suggesting 

that AM-MSCs maintained their differentiation ability at passage 10.

In conclusion, since the stem cells have shown a growth more than 5 times per passage up to 

passage 10 while maintaining stemness, more than 1013 cells could be obtained from a donor individual 

(Figure. 4). Given that a maximum of 2 x 108 cells is used per person in clinical trials of transplantation

[44], this yield would be sufficient to treat more than 10,000 individuals. Moreover, because of the 

characters that large-scale culture is possible, hepatocytes can be produced through hepatic 

differentiation of AM-MSCs in large quantities to treat liver disease. 
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Figure 2. Cellular characteristics of human mesenchymal stem cells.

(A) RT-qPCR analysis of inflammatory-related genes, TNF-α, IL-1β, IL-6, TGFβ1, and IL-10. GAPDH

was used as an internal control. (B) The evaluation of PBMC immune response with MSCs. All control 

groups were only cultured in a medium without MSC. Negative control: PBMC cultured with the single 

donor, Positive control: PBMC cultured with another donor. (C) Seahorse assay of four other MSCs, 

such as UCM-MSCs, LD-MSCs, and AM-MSCs. (D) Oxygen consumption rates (OCR) values of spare

respiratory capacity and ATP production. OCR values were normalized by the DNA concentration. P-

values < 0.05 were considered significant. *, P < 0.05; **, P < 0.01, ***, P < 0.001.



27

Table 1. Summary of characteristics of human mesenchymal stem cells from the various organ.

The summary table of four other MSC’s characteristics. The size was measured in Figure 1C using flow 

cytometry. The pluripotency was scored that based on Figure 1D. The immunomodulation was scored 

that based on Figure 2B. The mitochondria function was scored that based on Figures 2C and D.
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Figure 3. Mass production of AM-MSCs. 

(A) The isolation procedure, and the number of established AM-MSCs per cm2 of the amniotic 

membrane. Y-axis values represent the logarithm of total cell numbers. (B) The growth rate of AM-

MSCs is based on passages (Biological replication, n = 3). (C) mRNA levels of pluripotency-related 

genes OCT4, SOX2, and NANOG according to the passage number (Technical replication, n = 3). (D) 

mRNA expression analysis of osteogenesis-related (ALP, OCN) and adipogenesis-related (PPARγ, 

FABP4) genes on AM-MSCs and day 14 after the induction of differentiation using early (p.2) and late 

(p.10) passage of AM-MSCs. GAPDH was used as an internal control for RT-qPCR. P-values < 0.05 

were considered significant. *, P < 0.05; **, P < 0.01, ***, P < 0.001.
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Figure 4. Estimation of total cell numbers during the passage.

More than 2  10� 13 AM-MSCs could be harvested after ten passages. If maximally, the 2 x 108 cells are 

used to transplant into a patient, it can be used in more than 10,000 people. Y-axis values represent the 

logarithm of total cell numbers.
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I-4-4. Generation of universal cells from AM-MSCs

We also induced B2M-knocking out on AM-MSCs to show potential as universal donors. To generate 

B2M-KO-MSCs, we targeted the B2M gene, which up-regulates MHC I, using the CRISPR-Cpf1 

system (Figure. 5A) [45]. Stem cells, including AM-MSCs, are MHC I positive, and so can cause 

immune rejection in transplanted recipients. After inducing B2M-knockout (KO), MHC I-negative cells 

were sorted by flow cytometry. As we expected, the expression of MHC I was declined, and the B2M 

gene was successfully knockout (Figure. 5B and C). The KO-AM-MSCs have measured the expression 

of MSC CD markers. The CD90 and CD105 expressed positively while CD34 was negative (Figure.

6A), but the growth rate was decreased in the B2M-KO (Figure. 6B). However, interestingly, CD47 

expression was up-regulated than intact AM-MSCs (Figure. 6C). The CD47 protects transplanted cells 

from macrophage phagocytosis. This is because when CD47 expression is low, macrophages can 

recognize the transplanted cells as non-self, known as the do not eat me signal [46]. Finally, we 

evaluated the immune response of B2M-KO-AM-MSCs with human PBMCs using a proliferation assay. 

The B2M-KO-AM-MSCs were comparable proliferation with negative control while significantly 

lower than intact AM-MSCs (P < 0.05, Figure. 6D) suggesting less immune response.
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Figure 5. Generation of hypo-immune potential universal cells from AM-MSCs.

(A) The target DNA sequence in the human B2M locus is shown in red. (B) Scheme of the process for 

generating universal donor AM-MSCs. After inducing B2M knockout, MHC I-negative AM-MSCs are 

selected by flow cytometry. (C) Sequencing of B2M in MHC I-KO and AM-MSCs after B2M knockout 

in AM-MSCs.
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Figure 6. Phenotypes of hypo-immune potential universal cells from AM-MSCs.

(A) Expression of MSC CD markers (CD90, CD105) and hematopoietic markers (CD34) in B2M KO-

AM-MSCs. (B) CD47 expression levels in AM-MSCs and B2M-KO AM-MSCs analyzed by flow 

cytometry. (C) Growth rate of AM-MSCs and B2M-KO-AM-MSCs. B2M-KO: B2M-KO-AM-MSCs. 

(D) The evaluation of PBMC proliferation assays (4 donors of PBMCs). All control groups were only 

cultured in a medium without MSC. Negative control: PBMC cultured without PHA, Positive control: 

PBMC cultured with PHA. P-values < 0.05 were considered significant; *, P<0.05; **, P<0.01; ***, 

P<0.001.
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Chapter II.

The study of 

in vitro hepatic differentiation
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II-1. Abstract

Amniotic membrane-derived mesenchymal stem cells (AM-MSCs) are an attractive source of stem cell 

therapy for patients with irreversible liver disease. However, there are obstacles to their use because of 

low efficiency and xeno-contamination for hepatic differentiation. 

In this part, we established an efficient protocol for differentiating AM-MSCs into hepatocyte-

like cells (HLCs) by comparing transcriptomes data between AM-MSCs and UC-MSCs. In AM-MSCs, 

GATA6, EGF, AFP, and FGF2 were downregulated, while GSK3 was upregulated. The gene expression 

profiles of the cells were not familiar with hepatic differentiation. Based on this result, we established 

an efficient hepatic differentiation protocol using the GSK3 inhibitor, CHIR99021, and enhance the 

efficiency of differentiation. Furthermore, to generate the xeno-free conditioned protocol, we altered 

fetal bovine serum (FBS) to polyvinyl alcohol (PVA). Replacing FBS with PVA resulted in improved 

differentiation ability, such as upregulation of hepatic maturation markers. Finally, we investigated the 

hepatocyte functions. The differentiated hepatocyte-like cells (HLCs) not only synthesized and secreted 

albumin but also metabolized drugs by the CYP3A4 enzyme.

Key words: AM-MSCs, UC-MSCs, in vitro hepatic differentiation, transcriptome analysis, 

CHIR99021, FBS, PVA, Xeno-free, hepatic function
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II-2. Introduction

In embryogenesis, the liver is developed in both the ventral portion of the foregut endoderm and the 

constituents of the adjacent septum transversum mesenchyme [47]. The mesenchyme of the septum 

transversum induces the tube of endoderm, which is known as hepatic diverticulum and origin of the 

liver, to proliferate, and to make the glandular epithelium of the liver. Continuously signaling from the 

septum transversum mesenchyme, both fibroblast growth factor (FGF) from the developing heart and 

retinoic acid from the lateral plate mesoderm also contributes to forming the hepatic endodermal cells. 

The hepatic endodermal cells transform from columnar to pseudostratified resulting in thickening into 

the early liver bud. Their transformation subsequently forms a population of the bipotential hepatoblasts, 

as known as hepatic progenitors. The hepatic progenitors differentiate into biliary epithelial cells 

(cholangiocytes) and hepatocytes which are largely populated in the liver [48]. The study on liver 

development influences the hepatic differentiation of stem cells and enhances the stem cell technologies 

level. 

To successfully induce hepatocytes, induction of endoderm is a critical step. As described 

above, the liver is derived from the definitive endoderm in the development, and transforming growth 

factor β (TGF β) superfamily signaling is necessary for endoderm specification. Especially, WNT and 

FGF are required for the normal formation of the primitive streak and the induction of the key endoderm 

marker, SOX17 [49]. However, in the in vitro differentiation, because it is difficult to completely handle 

these signals, the endoderm induction results in poor efficiency. Therefore, most protocols of endoderm 

differentiation modulate the signal pathway either by the addition of recombinant WNT protein or by 

inhibition of GSK3 and PI3K using small molecules or by removing insulin [50]. After inducing the 

endoderm, for further maturation, hepatocyte growth factor (HGF), oncostatin M (OSM), and 

dexamethasone (Dexa) are needed. OSM and Dexa play an important role in liver maturation from 

developing hepatocytes. OSM has downregulated the SOX family and advanced the differentiation of 

hepatocytes from endoderm and hepatoblasts [51]. Dexa induces the expression of both HNF4 and 

C/EBP-alpha which are crucial for differentiation for hepatocytes. [52]. In these processes, hepatocyte-

like cells (HLC) can be induced from the stem cells. 

Human amniotic membranes (AM) are high-yielding sources of stem cells [53]. Moreover, 

followed by the studies of part I, AM-MSCs were a good source for the studies of differentiation and 

cell therapy. However, there are some obstacles to successfully differentiating the AM-MSCs into HLC 

for therapeutic uses. FBS is a highly effective growth supplement for cell culture and many studies of 

differentiation. However, there is batch-to-batch variability that may affect cell characteristics, and the 
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risk of contamination with harmful pathogens in human transplantation studies [54, 55]. Accordingly, 

progressive attempts have been made to devise chemically defined xeno-free culture conditions for stem 

cells [56, 57]. Moreover, since stem cells have different gene expressions according to their origin, the 

differentiation methods should be slightly different. 

Thus, in the part II studies, we analyzed the transcriptomes of several stem cells and established 

an efficient protocol for hepatic differentiation of AM-MSCs and altered fetal bovine serum (FBS) to 

polyvinyl alcohol (PVA). 
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II-3. Materials and Methods

II-3-1. Quantitative RT-qPCR

To measure a relative mRNA expression in the hepatic differentiated cells, total RNA was extracted 

using an RNeasy Mini Kit (Qiagen, CA, USA) following the manufacturer’s instructions. Then, cDNA 

was synthesized using an Ultrascript 2.0 cDNA Synthesis Kit (PCR Biosystems, London, UK), and 

qRT–PCR was conducted with a Power SYBR® Green PCR Master Mix (Applied Biosystems, CA, 

USA) on a QuantStudioTM real-time PCR System (Applied Biosystems). GAPDH was used as an 

internal control. The primer sequences, which were used in this study, are listed below the table.

Gene name Primer sequence (5' to 3')                 *F, Forward; R, Reverse

CPM
F: GGATGGAAGCGTTTTTGAAG
R: CCACAACAAGAACCCACAGG

AFP
F: AGACTGCTGCAGCCAAAGTGA
R: GTGGGATCGATGCTGGAGTG

ALB
F: TGCTGATGAGTCAGCTGAAAA
R: TCAGCCATTTCACCATAGGTT

HNF4A
F: CAGGCTCAAGAAATGCTTCC
R: GGCTGCTGTCCTCATAGCTT

CYP3A4
F: TTTTGTCCTACCATAAGGGCTTT
R: CACAGGCTGTTGACCATCAT

GATA6
F: GAGGCTTGCTGAAAGAGTGAGAGAAGA
R: TCCTAGTCCTGGCTTCTGGAAGTG

SOX17
F: CAAGGGCGAGTCCCGTAT
R: CGACTTGCCCAGCATCTT 

UGT1A6
F: GCCCTGTGATTTGGAGAGTGA
R: AGGCTTCAAATTCCTGAGACAAGT

CYP1A2
F: CGGACAGCACTTCCCTGAGA
R: AGGCAGGTAGCGAAGGATGG

MRP2
F: AGCGTCCTCTGACACTCG
R: GGCATCTTGGCTTTGACT

ASGR1
F: CAGCAACTTCACAGCCAGCA
R: AGCTGGGACTCTAGCGACTT

HNF1A
F: TGGGTCCTACGTTCACCAAC
R: TCTGCACAGGTGGCATGAGC

GAPDH
F: GCCTCAAGATCATCAGCAATGC
R: TGGTCATGAGTCCTTCCACGAT

II-3-2. Seahorse assay

To measure oxygen consumption rates (OCR), the cells were seeded at 7000 cells/cm2 in 0.1% gelatin-

coated XFe24 cell culture plates (Agilent Technologies, Santa Clara, CA, USA). Especially, to measure 

the OCR of differentiated cells, stem cells were seeded in the plate and conducted the hepatic 

differentiation. Mitochondrial OCR was measured with an XF Cell MitoStress test kit in an XF24 

extracellular flux analyzer (Agilent Technologies) and calculated as described [36]. Values were 
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normalized by the amount of cellular DNA.

II-3-3. Immunocytochemical staining

Cells were fixed with 4% formaldehyde overnight, washed with the PBST buffer, permeabilized in 0.5% 

Triton X-100 and blocked in PBST with 1% bovine serum albumin (Sigma Aldrich). Samples were 

incubated with primary antibodies, anti-human Albumin, and anti-human CYP3A4 (1:100; Santa Cruz 

Biotechnology, Dallas, TX, USA) overnight at 4°C, followed by goat anti-mouse IgG Alexa Fluor 488-

conjugated and donkey anti-rabbit IgG Alexa Fluor 488-conjugated secondary antibody (1:500; Abcam). 

Nuclei were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich) for 10 min, 

and fluorescence signals were detected using an AxioObserver Z1 microscope (Carl Zeiss, Oberkochen, 

Germany).

II-3-4. Transcriptome analysis

To compare the transcriptome between AM-MSCs (n = 3) and UCM-MSCs (n = 3), total RNA was 

extracted using an RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. All cells were 

sequenced by strand-specific, paired-end sequencing (Illumina, San Diego, CA, USA), generating 

approximately 1.1 to 1.3 x 106 reads per sample. The quality of the raw data sets was analyzed with the 

software FastQC (v0.11.5), and adapter sequences of < 20 bp in length, and sequences with a quality 

score lower than Q20, were removed using Cutadapt software (v1.5) to increase mapping quality. After 

trimming, the remaining sequences, constituting 97.3 to 98.8% of the raw data sets, were aligned with 

the human reference genome (GRCh38.p13) using STAR software (v2.7.5c), and reads were 

summarized using featureCount software. Normalization of reads, analysis of gene expression, and 

calculation of differentially expressed genes was performed using DESeq2 (1.28.1). Gene Ontology 

Enrichment Analysis of the differentially expressed genes was conducted using online tools 

(http://geneontology.org). Functional enrichment in the Biological Process of the GO terms was 

analyzed. A list of hepatic-associated genes was retrieved from the online human gene database 

(https://www.genecards.org/). 

II-3-5. In vitro hepatic differentiation

Stem cells were differentiated by the previously published conventional hepatogenic differentiation 

protocol [36] and an advanced protocol. Briefly, in the advanced protocol, the cells were seeded on 0.1% 

gelatin-coated dishes at 7000 cells/cm2 in a cell culture medium. After two days, they were cultured for 



39

seven days with Step-1 medium consisting of Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco) 

supplemented with 0.1% polyvinyl alcohol (PVA; Sigma Aldrich) or 1% FBS, 10 mM nicotinamide 

(Sigma Aldrich), 20 ng/ml hHGF (Peprotech), 10 ng/ml FGF2, 2 μM 5-azacytidine (Sigma Aldrich), 

0.1 μM dexamethasone (Sigma Aldrich), 1% insulin-transferrin-selenium (ITS; Gibco), 3 μM 

CHIR99021, 20 ng/ml EGF (Peprotech), and 10 μM Fasudil (AdooQ Bioscience, Irvine, CA, USA). 

For hepatic maturation, the Step-1 medium was replaced with Step-2 medium consisting of IMDM 

supplemented with 1 μM dexamethasone, 1% ITS, 20 ng/ml Oncostatin M (OSM, Peprotech), 20 ng/ml 

hHGF, and 10 uM Fasudil.

II-3-6. Culture for primary human hepatocytes

Primary human hepatocytes (PHH) were purchased from Thermofisher scientific (HMCPMS; 

Thermofisher Scientific, MA, USA), and were cultured and maintained according to the supplemented 

protocol. In brief, the hepatocytes were thawed in Cryopreserved hepatocytes recovery medium 

(CM7000; Thermofisher Scientific), centrifuged at 100 x g for 10 min, and seeded at 2 x 106 cells/well 

on a collagen-coated plate in cryopreserved hepatocyte plating medium (CM9000; Thermofisher 

Scientific). After incubating the plate at 37°C for 6 h, the culture medium was replaced by William's 

medium (Gibco) supplemented with hepatocytes maintenance supplement pack (CM4000; 

Thermofisher Scientific).

II-3-7. Detection of secreted human albumin

The presence of human albumin in the medium was determined by the Human albumin ELISA Kit 

(Bethyl Laboratories, Texas, USA). The assay procedure was performed according to the supplier’s 

recommendation. The albumin secretion was normalized to culture day and total cell numbers.

II-3-8. Measurement of CYP3A4 activity in vitro using LC-ESI/MS/MS system

To assess the hepatic enzyme activity, 25 μM rifampicin (Sigma), which is a CYP3A4 inducer, was 

treated for 48 h in cells. Next, 20 μM midazolam (Sigma), previously reported as the substrate of 

CYP3A4 [58], was treated for 24 h. Sample preparation involved simple protein precipitation with 

organic solvent (cold acetonitrile). Briefly, cell samples (50 uL) were precipitated with 150 µL of cold 

acetonitrile containing internal standard carbamazepine (CBZ, 10 ng/mL), and agitating with a vortex 

mixer before centrifugation. Samples were centrifuged at 3400 rpm, 4°C for 20 min and the supernatant 

samples were analyzed by LC-MS/MS according to the previous publication [59]. Briefly, the LC-
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ESI/MS/MS system consisted of an Agilent 1200 series HPLC system (Agilent Technologies, 

Wilmington, DE, USA) coupled with an API 4000 LC-MS/MS with a Turbo V IonSpray source 

(Applied Biosystems, Foster City, CA, USA) operated in the positive ion mode. The chromatographic 

column was conducted on an Atlantis dC18 column (50×2.1 mm i.d., 3 µm, Waters, Milford, MA, USA) 

with a SecurityGuard C18 guard column (2.0×4.0 mm i.d., Phenomenex, Torrance, CA, USA). The 

sample injection volume was 5 µL, and the flow rate was set at 0.4 mL/min, and the oven temperature 

was maintained at 30°C. The mobile phase consisted of HPLC water (A) and acetonitrile (B), each 

containing 0.1% formic acid. The TurboIonSpray interface was operated in the positive ion mode at 

5500 V. The operating conditions were determined as follows: ion source temperature, 600°C; 

nebulizing gas flow, 50 L/min; auxiliary gas flow, 5.0 L/min; curtain gas flow, 20 L/min; and collision 

gas (nitrogen) pressure 3.4 ´ 10-5 Torr. Nitrogen gas was used for the curtain gas (CUR), collision gas 

(CAD), and nebulizer gas (NEB). The detection was conducted using multiple reaction monitoring 

(MRM) of the transitions of m/z 342>324 for 1-hydroxymidazolam and m/z 237>194 for 

carbamazepine (internal standard). Acquisition and analysis of data were performed using Analyst 

software (ver. 1.5.2, Applied Biosystems, Foster City, CA, USA).

II-3-9. Measurement of CYP3A4 activity in vitro using luminescence system

The enzyme activity was also determined using the P450-Glo CYP3A4 kit (Promega, USA). The 

experiment was performed according to the supplier’s recommendations. The luminescence was 

measured by SpectraMax® L Luminometer (Molecular Devices, CA, USA). The activity was 

normalized to the culture day and dsDNA content of each sample.

II-3-10. Statistical analysis

All experiments were performed on at least three (n = 3) independent biological samples, and data are 

presented as means ± standard deviations (SD). Statistical analysis was performed using GraphPad 

Prism 6.0 software (GraphPad Software, CA, USA). Comparisons of three or more data sets were 

performed by one-way ANOVA followed by Bonferroni’s multiple comparison tests. Two-group 

comparisons were made using two-tailed Student’s t-tests. P <0.05 was considered statistically 

significant.
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II-4. Results

II-4-1. In vitro hepatic differentiation of four different types of MSC lines

In previous studies of hepatic differentiation, MSCs were differentiated into hepatocyte-like cells 

(HLCs) using specific growth factors or chemicals, such as hHGF, FGF2, 5-azacytidine (5-aza), Fasudil 

in step-1, and dexamethasone (DEX), ITS, oncostatin M (OSM) in step-2 [36, 60]. We attempted to 

differentiate four different MSC lines into HLCs using the previous conventional protocol (Figure. 3A). 

The hepatic morphological change was observed in all MSC lines at day 14 of differentiation, but human 

albumin (ALB) was significantly lower in AM-MSCs-derived HLCs (AM-HLCs) compared to other 

MSC lines (Figure. 3B). Hepatocyte-related gene expression, such as CPM, AFP, ALB, HNF4A, and 

CYP3A4, was also lower than UCM-, BM-,and LD-MSCs except for AFP at day 14 of differentiation 

(Figure. 3C and D). Thus, although AM-MSCs have advantages for differentiation, we tried to find the 

reason why AM-MSCs did not efficiently differentiate into HLCs using transcriptome analysis.

II-4-2. Transcriptome analysis of AM-MSCs and UCM-MSCs

We tried to differentiate AM-MSCs into HLCs using the conventional protocol, but the efficiency of 

differentiation was low. The UCM-MSCs were previously reported that the stem cells could be easily 

differentiated into HLCs because the hepatic development-related gene has already been expressed [61].  

Therefore, we analyzed the global transcriptomes in AM-MSCs and UCM-MSCs and compared each 

other to establish an efficient hepatic differentiation protocol for AM-MSCs. A total of 1,376 genes were 

differentially expressed between the two stem cell groups (Figure. 4A). Although AM-MSCs and UCM-

MSCs were the same embryonic origin, transcriptome profiles were different (Figure. 4B). We also 

performed GO-term enrichment analysis to classify the genes with similar genetic functions in the 

biological process. The result showed that the genes differentially expressed between the two types of 

stem cells fell into several different biological categories, such as biological regulation, metabolic 

process, response to stimulus, signaling, and developmental process (Figure. 4C). 

Finally, we compared hepatic development-associated genes in the two other stem cells. The 

result showed that GATA6, KIT, AFP, c-MET, FGF2, EGF, and c-JUN were down-regulated and GSK3A 

was up-regulated in AM-MSCs (P < 0.05, Figure. 4D). In summary, AM-MSCs were originated from 

embryos like UCM-MSCs, but the gene expression profiles were different. In particular, the genes, such 

as GATA6, EGF, AFP, FGF2, and GSK3, involved in hepatic development were not properly expressed. 

Thus, we hypothesized that it is the reason why AM-MSCs are difficult to differentiate using the 

conventional protocol. 
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Figure 7. Hepatic generation of human mesenchymal stem cells using the conventional method.

(A) The experimental scheme of conventional in vitro hepatic differentiation protocols. (B) Morphology 

of cells during hepatic differentiation on days 0, 7, and 14 (Scale bar = 150 μm), and immunostaining 

of ALB expression on day 14 (Scale bar = 200 μm). Green, ALB; Blue, DAPI. (C) RT-qPCR analysis 

of selected hepatic progenitor markers, CPM. (D) Relative mRNA Expression of early hepatic (AFP) 

and hepatic maturation (ALB, HNF4A, and CYP3A4) markers on day 14 of the differentiated cells.

GAPDH was used as an internal control for RT-qPCR. P-values < 0.05 were considered significant. *, 

P < 0.05; **, P < 0.01, ***, P < 0.001.
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Figure 8. Transcriptome analysis in UCM-MSCs and AM-MSCs.

(A) The correlation plot of RPKM values between UCM-MSCs (n = 3) and AM-MSCs (n = 3). In the 

plot, the RPKM values were exchanged by log (RPKM+1). A total of 708 genes is more highly 

expressed in AM-MSCs and 668 genes relatively low expressed. (B) PCA plots of transcriptome 

analysis in UCM-MSCs (n = 3) and AM-MSCs (n = 3). (C) GO-term enrichment analysis, based on 

biological process (BP), of genes, differentially expressed between AM-MSCs and UCM-MSCs. 

Significantly highly expressed genes in AM-MSCs are highlighted in red, while blue represents DEGs 

in UCM-MSCs. (D) Heat map of hepatic development-associated gene expression in AM-MSCs (n = 

3) and UCM-MSCs (n = 3). (E) Summary of transcriptome analysis, which related to hepatic 

development, in UCM-MSCs and AM-MSCs. 
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II-4-3. Analysis for increasing the efficient hepatic differentiation

After transcriptome analysis, we hypothesized that GSK3 and GATA6 were key genes for efficient 

hepatic differentiation of AM-MSCs. Because the high levels of GSK3 and low levels of GATA6 could 

repress the induction of definitive and hepatic endoderm [62]. Induction of endoderm has been known 

to be significantly important for hepatic differentiation in previous studies [60]. Therefore, to establish 

an efficient hepatic differentiation protocol, we tried to induce and inhibit the genes using chemicals.

First, we conducted a quantitative PCR to confirm the expression levels of GATA6 in AM-

MSCs and UCM-MSCs. GATA6 was much lower in all three AM-MSC lines than in UCM-MSCs (P < 

0.001, Figure. 5A). Then, we searched for a chemical that increased GATA6 and inhibited GSK3. 

CHIR99021 (CHIR), also known as GSK3 inhibitor, could induce GATA6 expression for hepatic 

differentiation from human embryonic stem cells [63, 64]. Also, down-regulated GSK3 could induce 

upregulation of GATA6 [65]. Therefore, we tested the CHIR effect on AM-MSCs. CHIR was treated for 

2 days and measured the expression of GATA6, and SOX17, which is known as the definitive 

endodermal marker. As we expected, these two genes showed significantly increased expression in the 

w/CHIR group than control (P < 0.01, Figure. 5B). Based on results, we hypothesized that inhibition of 

GSK3 could increase the expression of GATA6 and induction of endoderm, and sequentially enhance 

the efficiency of hepatic differentiation (Figure. 5C). Finally, we conducted the differentiation with 

CHIR and various supplements (Figure. 5D). 

II-4-4. Efficient in vitro hepatic differentiation protocol

To establish an efficient in vitro hepatic differentiation protocol, we investigated the effect of adding 

various factors along with CHIR to increase the expression of GATA6 and SOX17. Epidermal growth 

factor (EGF) and dexamethasone (Dexa) play an important role in hepatic biology and maturation [66]. 

Insulin-transferrin-selenite (ITS) and fasudil (Fa) also enhance the stability of stem cell cultures and 

their differentiation [67]. Based on these factors, we modified the conventional to the advanced protocol 

by adding CHIR, Dexa, ITS, and EGF on step-1, and hHGF, Fa on step-2 (Figure. 6A). In response, the 

expression of GATA6 and SOX17 was significantly increased on day 2 when the advanced protocol was 

used (P < 0.001, Figure. 6B). Therefore, we efficiently and successfully induced definitive 

endoderm for hepatic differentiation. Finally, we observed cell morphology and stained it for ALB 

expression. The oval or polygonal-like structure of the cells was similar, but ALB was more highly 

expressed on day 14 (Figure. 6C). 

We also analyzed the hepatic gene expression and confirmed that the differentiation efficiency 
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Figure 9. Enhancing the endoderm differentiation potent based on the transcriptome analysis.

(A) RT-qPCR analysis of GATA6 in AM-MSCs (n = 3) and UCM-MSCs (n = 2). (B) Analyzing the 

regulation of GATA6 and SOX17 in AM-MSCs with or without CHIR99021 by RT-qPCR. GAPDH

was used as an internal control for RT-qPCR. P-values < 0.05 were considered significant. *, P < 0.05; 

**, P < 0.01, ***, P < 0.001. (C) The schematic mechanism of the effect of GSK3 inhibitor (CHIR99021) 

on AM-MSCs. (D) Summary and scheme of further experiments.
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Figure 10. Advanced protocol for enhancing the hepatic differentiation of AM-MSCs.

(A) Comparison of components in each hepatic differentiation protocol, conventional versus advanced. 

The different components in the advanced protocol were highlighted in bold. (B) Analyzing the effect 

of the different protocols on the regulation of GATA6 and SOX17 in AM-MSCs by RT-qPCR. (C) 

Morphology of cells during hepatic differentiation on days 0, 7, and 14 and immunostaining of ALB 

expression on day 14 (Scale bar = 200 μm). Green, ALB; Blue, DAPI. (D) RT-qPCR analysis of hepatic 

progenitor marker (CPM), (E) early hepatic (AFP), hepatocyte-related markers (ALB, and HNF4A), and 

hepatic metabolism marker (CYP3A4). GAPDH was used as an internal control for RT-qPCR. P-values 

< 0.05 were considered significant. *, P < 0.05; **, P < 0.01, ***, P < 0.001. Abbreviation: Conv., 

conventional protocol; Adv., advanced protocol.
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was increased by using the advanced protocol. The expression of CPM, AFP, ALB, and HNF4A was 

more highly expressed on day 14 in the advanced protocol (P < 0.001), while the expression of CYP3A4 

was comparable (Figure. 6 D and E). Therefore, we established the efficient hepatic differentiation 

protocol.

II-4-5. The use of PVA for xeno-free hepatic differentiation

FBS is still widely used for inducing hepatic differentiation [68]. However, it causes an acute immune 

response after transplantation because of xeno-contamination. Therefore, we substituted 0.1% PVA for 

1% FBS in the advanced protocol (Figure. 7A). The phenotype of differentiated cells was similar, and 

ALB was expressed when both PVA and FBS were used (Figure. 7B). We also analyzed the expression 

of hepatocyte-related genes on day 14 using previous reports [69]. and compared with primary 

hepatocytes (PHH) and UCM-HLCs, which were differentiated by conventional protocol, for 

assessment of differentiation efficiency. CPM, which is related to hepatic progenitor markers, was

expressed more highly in the PVA group on day 14 (P < 0.001, Figure. 7C). We also analyzed the genes, 

which are associated with liver-specific plasma, a nuclear protein, and metabolisms such as AFP, ALB, 

HNF4A, and CYP3A4. The levels of expression of AFP, ALB, HNF4A, and CYP3A4 also were higher 

in the PVA group on day 14 (P < 0.05, Figure. 7D). Moreover, HNF1A, CYP1A2, UGT1A6, MRP2, and 

ASGR1 were expressed higher in the PVA group on day 14 (P < 0.05, Figure. 7E). When compared to 

UCM-HLCs, the differentiation efficiency was similar or significantly increased. However, compared 

with primary hepatocytes, PHH was a significantly lower expression of CPM, and AFP (P < 0.05), 

while HNF1A and UGT1A6 were comparable. The other genes were higher than on day 14 of the PVA 

group (P < 0.05).

Moreover, to confirm that the PVA-advanced protocol increases the differentiation efficiency 

on other MSC lines, we applied the protocol to UCM-MSCs. The efficiency of hepatic differentiation 

was significantly increased than the conventional one (Figure. 8).

II-4-6. The hepatic functions of AM-HLCs

The main functions of hepatocytes are protein synthesis and detoxification. It is important to confirm 

the function of differentiated cells for use in stem cell therapy. Thus, we performed to measure albumin 

secretion and CYP3A4 activity in media cultured AM-HLCs. First, we confirmed the protein expression 

of ALB and CYP3A4 in AM-HLCs. At 18 days after differentiation and maturation, ALB and CYP3A4 

were successfully expressed in AM-HLCs (Figure. 9A). Next, we confirmed that the secretion of human 
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albumin was significantly increased on day 18 of AM-HLCs than day 0 of undifferentiated cells, but 

less secreted than PHH control (P < 0.05, Figure. 9B). 

To confirm the detoxification function of AM-HLCs, we measured the CYP3A4 activity using 

two independent methods. First, we used a luminescence system. In the system, CYP3A4 activity was 

increased in the AM-HLCs compared with undifferentiated cells, but less activated than PHH control 

(P < 0.01, Figure 9C). We also used the LC-ESI/MS/MS system for measuring the CYP3A4 activity 

[59]. In this system, we treated the substrate of CYP3A4, midazolam, to AM-MSCs (undifferentiated 

cells) and AM-HLCs for 24 hours and measured the metabolite of midazolam, 1-hydroxymidazolam, 

using the system. The metabolite was only detected in the AM-HLCs, and it significantly increased on 

day 18 differentiated HLCs, but less activated than PHH control (P < 0.05, Figure. 9 D and E) These 

results suggest that the differentiated hepatic cells with PVA-advanced protocol are useful for 

transplantation into diseased livers because the cells produced albumin and CYP3A4 enzyme, which 

could catalyze toxic drugs in the liver [70]. 
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Figure 11. Serum-free hepatic differentiation using PVA.

(A) Scheme for hepatic differentiation using 0.1% PVA or 1% FBS in the advanced protocol. (B) 

Morphological change of cells during hepatic differentiation on days 0, 7, and 14 (Scale bar = 150 μm),

and immunostaining of ALB expression on day 14 (Scale bar = 200 μm). Green, ALB; Blue, DAPI. (C-

E) The mRNA expression levels of hepatic progenitor marker (CPM), liver-specific plasma and nuclear 

protein (AFP, ALB, HNF1A, and HNF4A), and liver-specific metabolism (CYP1A2, CYP3A4, UGT1A6, 

MRP2, and ASGR1) in PHH, UCM-HLCs, PVA- and FBS-used AM-HLCs group. P-values < 0.05 were 

considered significant. ’#’ means that PHH was compared with the other cells. #, P<0.05; *, P < 0.05; 

**, P < 0.01, ***, P < 0.001.
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Figure 12. The effect of advanced protocol on UCM-MSCs

Comparison of the relative mRNA expression in hepatic differentiated UCM-MSCs using two different protocols. 

CPM, hepatic progenitor marker; AFP, early hepatic marker; ALB and HNF4A, hepatocyte-related markers; 

CYP3A4, hepatic metabolism marker. GAPDH was used as an internal control for RT-qPCR. P-values < 

0.05 were considered significant. *, P < 0.05; **, P < 0.01, ***, P < 0.001. Abbreviation: Conv., 

conventional protocol; Adv., advanced protocol.
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Figure 13. The hepatic function of AM-derived hepatocyte-like cells induced by PVA-used 

protocol.

(A) Detection of ALB and CYP3A4 in undifferentiated cells (day 0) and differentiated cells 

(hepatocyte-like cells; day 18). Green, ALB, and CYP3A4. Blue, Nuclear. Scale bar = 100 μm. (B) 

Measurement of human secreted albumin in three different donor-derived AM-HLCs and PHH. (C) 

CYP3A4 enzyme activity measurement using luminescence systems in PHH, AM-MSCs, and AM-

HLCs. (D) Chromatogram of LS-ESI/MS/MS profiles in the culture medium of each group, 

undifferentiated cells (day 0) and differentiated cells (day 18), after treating midazolam. Red box: the 

peak of 1-hydroxymidazolam. (E) Measurement of CYP3A4 enzyme activity using LC-ESI/MS/MS 

systems in PHH, AM-MSCs, and AM-HLCs. P-values < 0.05 were considered significant. *, P < 0.05; 

**, P < 0.01, ***, P < 0.001.
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II-4-7. Summary of in vitro hepatic differentiation

In in vitro studies, we have successfully and efficiently differentiated the AM-MSCs into AM-HLCs 

using a newly developed method (Figure. 11). AM-MSCs had various advantages, such as cell size, 

pluripotency, immunomodulation, and mitochondria function, compared to four other types of MSC 

lines. However, it was difficult to differentiate into HLCs because of their transcriptome characters. 

AM-MSCs had low expression levels of hepatic development-related genes (GATA6, EGF, AFP, and 

FGF2) and high expression levels of GSK3. These profiles are a critical obstacle for liver differentiation. 

Therefore, we added the small molecule, CHIR99021, and various supplements, such as dexamethasone, 

ITS, EGF, and Fa, to conventional protocol. CHIR induced the expression of GATA6 and SOX17, which 

were necessary genes for stem cells to differentiate into hepatocytes. Probably, GSK3 inhibited by 

CHIR activated GATA6 signaling, which upregulated the Wnt/β-catenin pathway, leading to the 

enhancement of the SOX17 gene [65, 71, 72]. Moreover, we made the xeno-free advanced protocol by 

alternating FBS to PVA. In the advanced protocol, AM-MSCs were successfully differentiated into 

HLCs, and the genes, which were associated with the hepatic progenitor, hepatic characters, and 

metabolism, were significantly increased. Finally, we confirmed that the hepatic functions, such as 

albumin secretion and CYP3A4 activity, were normally induced in AM-HLCs
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Figure 14. Schematic summary of in vitro study
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Chapter III.

The study of 

in vivo hepatic transplantation and 

regeneration
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III-1. Abstract

It is important to pre-clinically test the transplantation effect on a mouse model for clinical trials of cell 

therapy. Therefore, in this part, we tested the therapeutic effect of AM-derived hepatic progenitors 

(HPCs), which were differentiated by PVA-advanced protocol, on the newly established acute hepatic 

failure mouse model. The previous thioacetamide (TAA)-the induced model had disadvantages. The 

mouse easily died when high dose used, while the induction of model was not completely induced when 

low dose used. Therefore, in order to improve the mouse model, we injected the cyclophosphamide 

(CTX) into the mouse model 24 hours after injecting the TAA. As a result, indicators of liver disease, 

ALT and ALT (GOT), were successfully increased compared with TAA only model, and the levels of 

hemoglobin (HGB) and red blood cells (RBC) have stably existed. Finally, to test the transplantable 

potential of HPCs, we optimized the transplantation date based on the expression of the HPC-related 

gene and mitochondrial function. At 12 days after differentiation, the differentiated cells were most 

suitable for transplantation. Finally, we conducted the transplantation study. When the AM-HPCs were 

transplanted into the liver failure mouse model, they settled in and cured the damaged livers. In 

conclusion, AM-HPCs could be used as transplantable therapeutic materials and promising cells for 

treating liver disease. 

Key words: Liver failure mouse model, Hepatic progenitor, Transplantation, Regeneration
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III-2. Introduction

Testing the safety of cell therapy, based on stem cells or differentiated cells, is an important 

consideration in the clinical setting. Various animal studies have been previously performed, and these 

preclinical results led to the initiation of clinical trials. Therefore, preclinical studies are mandatory to 

assess the risk of a new therapy and predict safety, feasibility, and efficacy. Moreover, they can be tested 

unresolved issues of clinical tests, such as choice of cell type, appropriated injection cell number, 

method of delivery, time of delivery, and follow-up studies after cell transplantation [73]. 

Considering the high predominance of liver disease worldwide, animal models are crucial for 

improving our understanding of the human liver disease, such as chronic or acute hepatic failure [74]. 

These studies are enabled to identify and test therapeutic methods, such as cell therapy and drug. In this 

study, we used an acute liver disease model which was induced by thioacetamide (TAA). TAA is the 

second most widely used model of hepatotoxin-induced advanced chronic liver disease (ACLD) or 

acute liver disease. It generates highly reactive metabolites, which bind to proteins and lipids, in the 

liver, and causes oxidative stress and necrosis [75]. There are various published protocols of TAA-

induced cirrhosis with differences in dose and frequency of administration. However, this method only 

reaches fibrosis or an early stage of cirrhosis in low doses, and mice can easily die when high doses are 

used [76].

In this part, we established the stable mouse model modified the by addition of 

cyclophosphamide (CTX) which is also toxic to the bone marrow and liver tissue [77]. Then, to 

transplant the AM-derived hepatic progenitors into the mouse model, we measured the expression of 

the carboxypeptidase M (CPM) and the oxygen consumption rate of mitochondria for optimizing the 

transplantation date. 
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III-3. Materials and Methods

III-3-1. Transplantation experiments

To establish an acute liver failure model, eight-week-old male C57BL/6 or NOD. Cg-Prkdcscid

Il2rgtm1Wjl/SzJ (NSG) mice were injected intraperitoneally with 0.08 mg/g thioacetamide (TAA; Sigma 

Aldrich) or an additional 0.025 mg/g cyclophosphamide monohydrate (CTX; Sigma Aldrich) after 24 h. 

Next, the cells with various stages were transplanted via the intrasplenic route (5 × 105 cells per mouse) 

of NSG. All mice were purchased from JOONG AH BIO (Suwon, Korea). The mouse study was 

approved by the Asan Institutional Animal Care and Use Committee (IACUC, 2018-12-167, 2019-12-

062, and 2020-02-208).

III-3-2. Blood analysis

Complete blood counts (CBC) and analyses of peripheral blood from mice were performed using an 

ABC-VET (Scilvet, Germany) and FUJI DRI-CHEM clinical chemistry analyzer (FUJI, Japan), 

respectively, at AniCom Medical Center (Seoul, Korea).

III-3-3. Histological staining and analysis

The retrieved liver tissues were fixed in 3.7% formaldehyde and embedded in paraffin. The paraffin 

blocks were sectioned at 4 μm-thick. To assess acute liver failure in chemically treated mice, the paraffin 

sections were stained with hematoxylin and eosin (H&E) and scored by Suzuki’s method [78]. Three 

weeks after transplantation, liver repopulation and regeneration were assessed by H&E staining, and 

immunohistochemistry (IHC). Human albumin was stained with DAB substrate using the previously 

described IHC methods [36]. Histological images were obtained by light microscopy using an Olympus 

DP27 (Olympus, Melville, NY, USA). 

III-3-4. In vitro differentiation of hepatic differentiation

Stem cells were differentiated from the established PVA-advanced protocol. Briefly, in the advanced 

protocol, the cells were seeded on 0.1% gelatin-coated dishes at 7000 cells/cm2 in a cell culture medium. 

After two days, they were cultured for seven days with Step-1 medium consisting of Iscove’s Modified 

Dulbecco’s Medium (IMDM; Gibco) supplemented with 0.1% PVA (Sigma Aldrich), 10 mM 

nicotinamide (Sigma Aldrich), 20 ng/ml hHGF (Peprotech), 10 ng/ml FGF2, 2 μM 5-azacytidine (Sigma 

Aldrich), 0.1 μM dexamethasone (Sigma Aldrich), 1% ITS (Gibco), 3 μM CHIR99021, 20 ng/ml EGF 

(Peprotech), and 10 μM Fasudil (AdooQ Bioscience, Irvine, CA, USA). For hepatic progenitor, the Step-
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1 medium was replaced with Step-2 medium consisting of IMDM supplemented with 1 μM 

dexamethasone, 1% ITS, 20 ng/ml Oncostatin M (OSM, Peprotech), 20 ng/ml hHGF, and 10 uM Fasudil

for 10, 12, and 14 days.

III-3-5. Immunofluorescence staining

Transplanted liver tissues were fixed in 3.7% formaldehyde overnight at 4°C, incubated overnight at 

4°C in 30% sucrose, overlaid with OCT compound, and frozen in liquid nitrogen. The frozen blocks 

were sectioned with a cryotome of 10 μm thickness. The sections were permeabilized with 0.2% Triton 

X-100/PBS for 30 min at RT, blocked with 10% FBS buffer at RT in a humidity chamber, and stained 

overnight with anti-human albumin diluted 1:100 at 4°C in the humidity chamber. The secondary 

antibody was goat anti-mouse IgG H&L Alexa Fluor® 647; Abcam, 1:100). Nuclei were counterstained 

with 4’, 6-diamidino-2-phenylindole (DAPI) for 10 min, and fluorescence signals were detected using 

an AxioObserver Z1 microscope. 

III-3-6. Human mitochondrial DNA detection

Total DNA was isolated with a PicoPureTM DNA extraction kit (Thermofisher Scientific). The PCR 

reaction was conducted using 2x PCRBIO HS Taq Mix Red (PCRbiosystems) with 300 ng of DNA in a 

total volume of 20 μl. The reaction was performed as described in the kit with annealing at 56 °C for 20 

seconds. Sanger sequencing of the PCR products of injected cells and transplanted cells was carried out 

by Macrogen (Seoul, Korea).  

Gene name Primer sequence (5' to 3')                 *F, Forward; R, Reverse

Human mitochondrial DNA
F: CAACACTAAAGGACGAACCTGA
R: TCGTAAGGGGTGGATTTTTC

III-3-7. Evaluation of transplant efficiency

To determine the percentage of engrafted human cells in the mouse liver, each standard curve of human 

or mouse mtDNA was prepared by quantitative real-time PCR (qPCR). For preparing the standard curve, 

both DNA concentrations were measured by NanoDropTM 2000/2000c Spectrophotometer 

(Thermofisher Scientific), and samples with OD 260/280 between 1.8-2.0 were used for further analysis. 

The DNA concentration was diluted by DNase-free water to the following concentration, 1000, 100, 10, 

and 1 ng/ul. The qPCR was performed using 1 ul of the diluted DNA (1000, 100, 10, and 1 ng) and 

Power SYBR® Green PCR Master Mix on a QuantStudioTM real-time PCR System. After finishing the 

qPCR, the standard curve of human or mouse mtDNA was made using the diluted DNA concentration 
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(X-axis) and CT value (Y-axis) (Figure. 15B). Finally, human and mouse mtDNA concentrations were 

acquired through the standard curve in transplanted samples, and the percentage of transplantation 

efficiency was calculated following formula: [human mtDNA / (mouse mtDNA + human mtDNA)] x 

100 (%). The primer sequences used in the experiment were described below the table.

Gene name Primer sequence (5' to 3')                 *F, Forward; R, Reverse

Human mitochondrial DNA
F: CAACACTAAAGGACGAACCTGA
R: TCGTAAGGGGTGGATTTTTC

Mouse mitochondrial DNA
F: CCCAAGACAACCAACCAAAA
R: ACTAGCTTATATGCTTGGGG

III-3-8. Statistical analysis

All experiments were performed on at least three (n = 3) independent biological samples, and data are 

presented as means ± standard deviations (SD). Statistical analysis was performed using GraphPad 

Prism 6.0 software (GraphPad Software, CA, USA). Comparisons of three or more data sets were 

performed by one-way ANOVA followed by Bonferroni’s multiple comparison tests. Two-group 

comparisons were made using two-tailed Student’s t-tests. P <0.05 was considered statistically 

significant.
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III-4. Results

III-4-1. Acute hepatic failure mouse model

The AM-derived differentiated cells were transplanted into the mouse liver failure model to see whether 

the cells could engraft into functional hepatocytes in vivo. To start with, the protocol to induce liver 

damage in mice was modified with the inclusion of cyclophosphamide monohydrate (CTX) along with 

thioacetamide (TAA). TAA is widely used in mice to induce liver failure. However, it requires close 

monitoring and supportive care of the mice due to lethality before research start [79]. In previous studies, 

the mice which received the highest doses (0.2–0.4 mg/g) of TAA died before the start of the study, and 

the mice were not well-induced at lower doses. Therefore, we needed a more stable mouse model for 

transplantation studies. 

CTX is also toxic to the bone marrow and liver tissue [77]. Based on previous studies, we 

devised an improved acute liver failure model using 0.025 mg/g CTX and 0.08 mg/g TAA (Figure. 12A).

To demonstrate the improvement, whole blood was collected from the mouse model and analyzed 

complete blood counts (CBC) and hepatic blood enzyme analyzes were 24 hours after induction of 

disease. In the result of CBC, the percentage of lymphocytes was significantly decreased in both groups 

(P<0.01), TAA only and CTX+TAA, while hemoglobin (HGB) and red blood cells (RBC) in the 

CTX+TAA group were compatible with the vehicle group (Figure. 12B). Decreasing the levels of RBC 

and HGB in the mouse can lead to death. The markers for liver damage, alanine aminotransferase (ALT), 

and aspartate aminotransferase (AST-GOT), were significantly increased in CTX+TAA treated groups 

compared with the vehicle group (P<0.001). Furthermore, both ALT and AST were significantly more 

highly expressed in the CTX + TAA group compared with the TAA-only model (P<0.001, Figure. 12C), 

while the liver damage has occurred similar around the hepatic vein (Figure. 12D). The modified model 

had a similar effect on acute liver failure as the TAA model, but the Suzuki score tended to be higher 

(Figure. 12E), and the latter appears to be the historical criterion for assessing liver injury [78]. In 

conclusion, the newly modified mouse model can be safely used for the study without many deaths of 

mice. Thus, we decided to transplant the differentiated cells into the mouse model. 

III-4-2. Optimization of transplantation date

Bipotent hepatic progenitor cells provide more efficient rehabilitation than mature hepatocytes after 

transplantation [80]. To decide a suitable transplantation time for the AM-MSC-derived hepatic 

progenitor cells (AM-HPCs) in vivo, we conducted two experiments to examine the functional 

properties of the HPCs. First, we investigated the highest expression date of CPM, which are critical 
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markers for bi-potential hepatic progenitor cells that can be differentiated into hepatocytes or

cholangiocytes [81]. The CPM was most highly expressed on day 12 (P < 0.001, Figure. 13A). Second, 

we observed mitochondrial oxygen consumption rates (OCR) on days 7, 10, 12, and 14 following 

differentiation using PVA. Overall OCR levels were highest on day 12; more specifically, maximal 

respiration, spare respiratory capacity, and ATP production were significantly elevated on day 12 (P < 

0.01, Figure. 13B). Spare respiratory capacity is the extra-mitochondrial capacity, which is available 

under conditions of increased work or stress. Also, it is considered important for long-term cell survival 

and function [82]. As a result, the cells on day 12 of differentiation were most close to the hepatic 

progenitor and were in a suitable state for in vivo transplantation. In conclusion, we decided to transplant 

the cells, which were differentiated into HPCs for 12 days, into the acute hepatic failure mouse model.
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Figure 15. Modification of acute liver failure mouse model.

(A) Schematic summary of the modified acute liver failure mouse model. To establish the new model, 

we used a C57BL/6 mouse in this experiment. (B) Complete blood counts of hemoglobin (HGB), red 

blood cells (RBC) and lymphocytes in vehicle (n = 4), TAA (n = 4), and TAA + CTX group (n = 5). (C) 

Blood hepatocyte-related enzyme analysis in vehicle (n = 4), TAA (n = 4), and TAA + CTX group (n = 

5). (D) Representative hematoxylin and eosin (HE) staining in vehicle, TAA, and TAA + CTX group. 

Scale bar = 200 μm. (E) Hepatic failure score (suzuki score) in vehicle (n = 4), TAA (n = 4), and TAA 

+ CTX group (n = 5). P-values < 0.05 were considered significant. *, P < 0.05; **, P < 0.01, ***, P < 

0.001.
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Figure 16. Optimizing the differentiation date for transplantation.

(A) Relative mRNA expression levels of hepatic progenitor marker (CPM) depending on the 

differentiation date. GAPDH was used as an internal control for RT-qPCR. (B) Oxygen consumption 

rates (OCR) according to the day of hepatic differentiation. OCR values were normalized by the DNA 

concentration. P-values < 0.05 were considered significant. *, P < 0.05; **, P < 0.01, ***, P < 0.001
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III-4-3. Engraftability of AM-HPCs

To confirm the engraftment of AM-HPCs, we transplanted half a million of AM-HPCs on different days 

12 into the spleen of the NSG acute liver failure model. Three weeks later, the mice were examined 

(Figure. 14A). Three weeks after transplantation, human albumin was detected around the hepatic vein 

of the mouse liver with histological recovery (Figure. 14B). 

We also tracked the transplanted cells by transfecting a green fluorescent protein (GFP) 

reporter gene to the AM-MSCs and confirmed that the GFP-expressions in AM-MSCs and day 12 AM-

HPCs (Figure. 14C). As a result of transplantation, the ALB-positive cells were co-localized with GFP-

expression (Figure. 14D). Additionally, we detected human mitochondrial DNA (mtDNA) in AM-HPC-

transplanted liver tissue to confirm the success of transplantation. The human mtDNA was detected in 

the left lobe and the median lobe of the cell-transplanted liver tissue (Figure. 14E). We also confirmed 

by Sanger sequencing that the DNA sequences detected in the liver tissue were the same with injected 

AM-HPCs (Figure. 14F). In conclusion, day 12 AM-HPCs can be successfully engrafted into acute liver 

failure tissue, and remain long-term.

III-4-4. The therapeutic capacity of AM-HPCs

Finally, we confirm the therapeutic effect of AM-HPCs. In histological analysis, the acute failure liver 

was displayed normal morphology after AM-HPCs transplantation (Figure. 15A). Moreover, we 

measured the survival rate of the mouse model. A total of 11 mice were inducted into the liver failure 

model. Two died on day 1, four died on day 2, and five died on day 3 after induction. As a result, the

group of AM-HPCs transplantation was more survived than no transplantation group (Figure. 15B). 

Additionally, we analyzed the efficiency of transplantation using a standard curve of human and mouse 

mtDNA (Figure. 15C). The efficiency was approximately 6-12% human mtDNA present in the cell-

transplanted mouse liver (Figure. 15D). These results suggest that AM-HPCs can successfully engraft 

in damaged livers and support regeneration.

III-4-5. Summary of in vivo studies

In in vivo studies, we have successfully regenerated hepatocytes in the mouse model of acute liver 

failure using a newly developed method for HPC differentiated from human AM-MSCs (Figure. 16). 

To transplant and regenerate the acute liver failure, first, we optimized the date of transplantation by 

measuring the hepatic progenitor potent, CPM, and mitochondria function. Moreover, we developed a 

more robust mouse model using the chemicals, CTX and TAA. These made the mouse more suitable to 
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transplant the cells than when TAA was only used. Finally, we injected the cells into the spleen for liver 

transplantation and regeneration. Three weeks after transplantation, AM-HPCs were successfully 

transplanted into the acute failure liver, and the liver was recovered from the disease. 
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Figure 17. AM-derived hepatic progenitor cells were successfully transplanted into an acute liver 

failure mouse model.

(A) Schematic summary of transplantation experiments. To conduct the transplantation of AM-HPCs, 

NSG mice were used in this experiment. (B) H&E stain, and detection of human albumin by 

immunohistochemistry in transplanted mouse liver after three weeks. Scale bar = 50 μm. (C) GFP-

positive undifferentiated and differentiated cells. GFP was continuously expressed after differentiation. 

Scale bar = 200 μm. (D) Confocal images of immunofluorescence stain for human albumin (red) with 

GFP (green). Nuclei were counterstained with DAPI (blue). Scale bar = 150 μm. (E) Detection of human 

mitochondrial DNA in the mouse liver. Upper DNA gel: human mitochondrial DNA. Down DNA gel: 

mouse mitochondrial DNA. (F) Human mitochondrial DNA Sanger sequencing in AM-MSCs and AM-

derived hepatic progenitor cells. 
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Figure 18. The effect of AM-derived hepatic progenitor cells transplantation and efficiency.

(A) H&E stain of before and after the cells transplantation. Scale bar = 200 μm. (B) The survival rate 

of no transplantation and cell transplantation groups for 7 days. Number, the number of dead mice. (C) 

Standard curve of human and mouse mtDNA for calculating transfer efficiency. (D) Measurement of 

transplant efficiency using quantitative PCR with mouse and human mtDNA calibration curve. GAPDH

was used as an internal control for RT-qPCR.
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Figure 19. Schematic summary of in vivo study.
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Discussion

The advantage of stem cells for cell therapy would be safety, mass-producibility, and the ability to select 

the most effective cells. The ideal stem cells of the future are iPSCs, but there remain issues of safety 

and insufficient differentiation still exist [83]. In this study, we investigated the usual characteristics of 

UCM-MSCs, BM-MSCs, LD-MSCs, and AM-MSCs, and chose the one MSC line that was potentially 

used for cell therapy and differentiation according to the results of experiments.

In the aspect of size, LD-MSCs and AM-MSCs were smaller than other cell lines. A previous 

study reported that a large size of MSCs can be obstructed the bloodstream, and cause stroke [41]. 

Therefore, the two MSC lines had the advantage of cell size. We also measured the pluripotent-related 

genes, such as OCT4, NANOG, and SOX2, in the four different MSCs. In this aspect, OCT4 was most 

highly expressed in AM-MSCs, while both NANOG and SOX2 were highest in BM-MSCs. High 

expression levels of OCT4 appeared that the stem cells could easily be transformed toward endoderm 

lineage under differentiation signals [84]. However, in chapter II, although AM-MSCs had the highest 

OCT4 levels compared to other MSCs, they did not differentiate well into hepatocytes which were 

derived from endoderm. This result suggested that high expression levels of pluripotent-related genes 

do not imply a good capacity of differentiation into all types of cells. Next, we tested the 

immunomodulation of MSCs. In previous studies, MSCs release various anti-inflammation cytokines 

such as TGFβ and IL-10 and have a specific profile of major histocompatibility complex (MHC).

Particularly, since MSCs were not expressed in MHC class II, T cell response is significantly reduced 

when MHC is injected into in vivo [85]. In our data, the profiles of inflammation cytokines were 

complicated. Therefore, we conducted the mixed lymphocyte reaction assay which can directly measure 

the immunomodulation capacity of MSCs in vitro [86]. As a result, LD-MSCs and AM-MSCs had better 

capacity than other MSCs. However, in vivo experiments should be conducted in order to conclude that 

LD-MSCs and AM-MSCs are modulated immune systems. In this experiment, we should use a 

humanized mouse, which is transplanted human peripheral blood mononuclear cells and produced 

human CD45-positive cells [87]. Therefore, further study is necessary for this part. We also measured 

the mitochondrial function in the UCM-MSCs, LD-MSCs, and AM-MSCs. Mitochondria are important 

organelles responsible for the energy metabolism in the cells. They can affect several functions of MSC, 

such as differentiation capacity [88]. However, it is not always correct. According to the results of 

chapter I, AM-MSCs had the best mitochondrial function. But, in the results of chapter II, AM-MSCs 

were not easily differentiated into HLCs. 

The various stem cells derived from adult or embryonic tissues differ in differentiation abilities 
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depending on the origin of the tissue and desired differentiated cell type. For example, AM-MSCs had 

similar characteristics to UCM-MSCs in terms of phenotype and neonatal origin but differed in gene 

expression. Thus, we realized that different differentiation protocols might be necessary depending on 

the origin of the cells.

The UCM-MSCs were previously reported that the cells already expressed hepatocyte-related 

genes and could easily differentiate into HLCs [61]. Moreover, because of their similar characteristics, 

UCM-MSCs can be the comparative control of AM-MSC’s transcriptome analysis. As a result, the AM-

MSCs have lower expression levels of endoderm transcription factors, such as GATA6, EGF, AFP, FGF2, 

and c-JUN, and higher expression levels of GSK3.

In previous studies, CHIR has been used for hepatic differentiation from PSCs [89], we 

hypothesized that the GSK-3 inhibitor, CHIR, might promote differentiation to HPCs from AM-MSCs. 

This study showed that CHIR induced the expression of GATA6 and SOX17, which were necessary 

genes for stem cells to differentiate into hepatocytes. Probably, GSK3 inhibited by CHIR activated 

GATA6 signaling, which upregulated the Wnt/β-catenin pathway, leading to the enhancement of the 

SOX17 gene [65, 71, 72]. Therefore, CHIR99021 with the addition of supplements, the advanced 

protocol conferred robust differentiation ability on the AM-MSCs. Besides, the ROCK inhibitor, Y-

27632, has been used for differentiating hiPSCs to HPCs and reprogramming mature hepatocytes to the 

HPCs [62, 63]. Fasudil is a known ROCK inhibitor and only approval for clinical and it is similar to Y-

27632 for using cell culture and differentiation [67]. Thus, we applied fasudil for differentiating AM-

MSCs. The other growth factors and chemicals such as EGF, FGF2, HGF, Dexa, ITS, Nico, 5-aza, and 

OSM might promote the differentiation of definitive endoderm into hepatic endoderm or hepatic 

progenitor cells based on previous reports [90, 91]. 

FBS can contaminate cells during cell culture and differentiation, resulting in the presence of 

xeno-antigens and infectious agents that can provoke graft-versus-host disease [92]. It can also lead to 

differences between batches [93]. Hence, FBS must be replaced with an alternative supplement to 

achieve therapeutic outcomes in patients, but its use is still popular for hepatic differentiation despite 

the risks associated with transplantation. Polyvinyl alcohol (PVA) is a water-soluble synthetic polymer 

and has been used as a substitute for bovine serum albumin (BSA) in culture media for mouse 

preimplantation embryos [94]. It is also used in various human cell expansion and differentiation 

procedures for therapeutic applications, including hepatic differentiation from PSCs [95-98]. 

Interestingly, PVA could not only replace FBS but also significantly improve the differentiation to HPCs 

of AM-MSCs.
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Finally, AM-HLCs, which were differentiated by efficient protocol with PVA, successfully 

secreted the human albumin, and the hepatic enzyme in AM-HLCs, CYP3A4, was worked. However, 

to use for cell therapy, AM-HLCs need more functional studies, such as urea synthesis, and should be 

compared with PHH. It is possible to determine the exact cell statement of AM-HLCs by comparing 

them with PHH. Thus, in this respect, Further study is necessary. 

As in vivo study models, we induced two chemicals (TAA and CTX) to cause liver failure in 

mice. In previous studies, TAA is widely used in hepatic disease studies in models. However, TAA-

induced models have difficulties controlling because of side effects [99]. For this reason, mouse models 

were easily dead when TAA was used. In addition, the model was not well induced in a low dose of 

TAA. Therefore, we used CTX, which is also known as toxic to the liver, and expected that CTX can 

be affected by the stability and liver damage of the mouse model. Our studies showed that TAA with 

CTX-induced mice has significantly increased expression of the liver damage markers (ALT, AST-

GOT), and successfully induced necrosis on mouse liver.

We also optimized the transplantation date. On day 12, differentiated cells were the best 

conditions in terms of the number of human albumin-positive cells in the mouse liver. As we expected 

this time was matched with higher expression of CPM and EPCAM and OCR levels of mitochondria 

suggesting useful as biomarkers for transplanting of HPCs.

We have successfully regenerated hepatocytes in a mouse model using a newly developed 

method for HPC differentiated from human AM-MSCs. However, we should be conducted in vivo

functional study to confirm that the transplanted cells were functionally worked, such as detection of 

human albumin in the transplanted mouse blood. Previous studies reported that mature hepatocytes 

were secreted albumin protein into blood [100]. Thus, human albumin, which existed in the transplanted 

mouse blood, should be detected to confirm that functional AM-HPCs were successfully transplanted. 

In this study, we suggested that AM-MSCs can be used for cell therapy and hepatic 

differentiation under newly developed protocols. However, there are still problems to be solved before 

applying to clinical trials. In order to translate AM-MSCs or AM-HPCs or AM-HLCs into clinical 

practice, it is necessary to manufacture and perform quality control according to current good 

manufacturing practices (cGMP) [101]. According to cGMP, the establishment of clinical-grade cells 

requires the implementation of a quality control system and the consistent documentation of the whole 

process, such as procurement of biological material, culture, and freezing to quality control testing and 

distribution. Moreover, every step of this process has to be validated and executed according to standard 

operating procedures [102]. In this aspect, we should be confirmed and validated the chemicals and 
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proteins, which used in this study, whether they can be used clinically. We also need to compare 

differentiated cells with PHH in various aspects. As shown in this study, the differentiated cells clearly 

functioned and expressed various genes, but their levels were very low compared to PHH. Therefore, it 

is necessary to develop a maturation protocol that made AM-HLCs similar to PHH and needs to 

standardize the function and gene expression of AM-HLCs, which are considered normal levels [103]. 

In conclusion, this study established a more effective hepatic differentiation protocol for AM-

MSCs by analyzing transcriptome profiles. Moreover, our findings suggested that PVA can be a suitable 

alternative to FBS in the differentiation for clinical trials. Finally, the results of in vivo experiment-

supported AM-HPCs can be repopulated in the acutely injured livers and were spontaneously rescued 

by liver failure. To sum up, this study highlights the fact that AM-MSC-derived HPCs are a promising 

resource for treating acute liver failure.
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