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Abstract

The multifunctional purpose of hepatocytes, the functional liver cells within the metabolic,
endocrine and secretory functions highlights key importance in emphasizing the research and
treatment methods that utilize these cells. Forming 80% of the liver's cells, hepatocytes are
involved in many of the primary functions of the liver including the delivery of immune response
against pathogens and aiding in the detoxification of drugs. As a result, it provides a valuable basis
for medical research. Through the findings of Ghosheh et al. (2017), a method of generating
mature hepatocytes was achieved through the human pluripotent stem cells (HPSC), but the
generation of hepatocytes in which all the genes are expressed at the right amount through this
method proves to be a difficult endeavor. The primary goal of this project is to utilize the
established findings to enhance and improve the efficacy of the process that goes behind the
generation of mature hepatocytes. The approach towards the current project was initiated with
culturing and differentiating three human embryonic stem cell lines and three human-induced
pluripotent stem cell lines into mature hepatocytes. In the study mentioned, k-means clustering
along with Pearson correlation as the distant measure was run in R to subdivide the top 2000
genes with the highest differential expression into 10 clusters. The cluster data from this paper
was used to do the current study, in which the up-regulated and down-regulated gene were first
identified for clusters 2,4 & 6 and 9. The interactions of up-regulated genes in these clusters were
further analyzed using Enrichr to identify the different miRNAs for various genes from the
clusters. Within cluster 2, a total of 8 genes showed the possibility of being regulated using 4
miRNAs. Transcription factors were also identified for cluster 2 and a combination of HNF1A,
EP300, AHR, NFKB1 and HIF1A could repress 8 genes that were not repressed by miRNAs. In
cluster 4 & 6, most of the up-regulated genes showcased tumorigenicity and all 20 genes identified
could be regulated with the combination of 7 miRNAs. In cluster 9, a combination of 11 miRNAs
could be used to regulate 26 out of 27 genes that were analyzed. Ensuring that stem cell products
do not turn cancerous is a priority in the medical field. Conducting the analyses of the other
clusters aside from 2, 4 & 6 and 9 will prove highly beneficial in reducing the risks pertaining to
stem cell mutation due to overexpression of genes.



Popular scientific summary

The prospects of stem cell therapy is heard very often across society. It is conveyed as a treatment
of the future, but the fact remains that there is still quite a lot the medical field has to uncover with
the subject of stem cells. Aside from difficulties of culturing stem cells and generally ascertaining
the optimal way of implementing a treatment, there’s a certain risk factor that comes with the
cultured cells either promoting or developing the growth of benign or malignant tumors. Although
there are clear benefits that have been shown, it has to be evaluated from the perspective of risks
to society in order to ensure that the ratio of those two elements is favorable to society. The risk
factors at the moment come from the potency of stem cells, the application, and through the
manipulation process during vitro culturing; conducting a study in order to understand which
methods lead to stem cells turning cancerous, becomes a crucial goal within the medical field.

One of the methods used to study this factor is through the transformation of stem cells (HPSCs)
into mature liver cells (hepatocytes). Hepatocytes comprise 80% of the liver's cell mass and are
involved in the primary functions of the liver. They are a crucial part of the metabolic, endocrine,
and secretory functions. A few of the purposes that hepatocytes serve within the liver include the
generation of immunologic response against pathogens, conversion of carbohydrates into fatty
acids, detoxification of drugs in the system, and aiding in the homeostasis of glucose. As a result,
there are large prospects for the purpose of conducting research and providing treatment. With
that being said, the process of converting HPSCs into mature hepatocytes is a difficult one, and
specifically with context to tumorigenicity and the genes that are affected. This paper aims to take
up the research established by Ghosheh et al. (2017) where 2000 genes were identified and
subsequently divided into ten sections known as clusters which contain groups of genes which
are similar in function. The focus is on establishing the up-regulated and down-regulated genes,
at which point the interaction of the up-regulated genes is analyzed. One of the primary goals of
this paper is to ascertain the miRNAs for these for the genes that are within their respective
clusters. The miRNAs are non-coding RNA molecule that once identified, can help to regulate gene
expression levels.

Throughout the analysis, it was shown how the genes had high expression levels during the
process of generation of the mature hepatocytes which act as a trigger to enhance tumorigenicity.
Conversely, PAG1 that was highly expressed but favors tumor suppression. Additionally, the paper
connects the miRNA to the genes from the four clusters. As a result, it becomes very important to
make these distinctions in order to bridge the gap between where stem cell therapy is at the
moment, and the potentiality it holds. Currently, stem cells are not at a point where they can be
extensively applied into the public sector because of the possibility of causing harm to an
individual is larger compared to the benefits in the present moment. This method can also apply
to any list of up-regulated genes in general.
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Abbreviations
ESC Embryonic stem cell

HEP Hepatocyte

hPSC-HEP Hepatocyte derived from human pluripotent stem cells

iPSC Induced pluripotent stem cell

iPSC-HEP Hepatocyte derived from human induced pluripotent stem cells
NANOG Nanog Homeobox

OCT3 Organic cation transporter 3



Introduction

Hepatocytes

Hepatocytes are functional liver cells that are involved in metabolic, endocrine and secretory
functions. Hepatocytes form 80% of the liver’s cell mass and they synthesize proteins like
lipoproteins, transferrin and glycoproteins. Hepatocytes are also critical for the homeostasis of
glucose (Klover and Mooney, 2004). They help in carbohydrate metabolism by converting
carbohydrates into fatty acid (Ali et al., 1863). They are also involved in detoxification of drugs
like converting ammonia to urea for excretion. They are considered as a highly predictive in-vitro
model for preclinical drug metabolism studies (Liibberstedt et al., 2011). They are also used for
cell modelling for drug induced liver injury studies (Goldring et al., 2017). A lot of human
pathogens infect hepatocytes but since they interact directly with T cells, they deliver cell-
autonomous innate immune responses that can result in host defense (Crispe 2016). There is high
demand for hepatocytes because of their use in research and for treatment in the medical field.
Alternate methods have been investigated because of this need. Human pluripotent stem cells
(HPSC) can be transformed into mature hepatocytes by controlled in-vitro hepatic differentiation
(Ghosheh et al,, 2017). Some methods to differentiate pluripotent stem cells can be seen in Figure
1 (Rashid & Alexander, 2013). Generating mature hepatocytes derived from human pluripotent
stem cells (hPSC-HEP) remains a challenge and this project aims to improve the efficacy of the
process. Human embryonic stem cells can divide indefinitely and differentiate into all mature cell
types of the human body (Jensen et al., 2009). The first embryonic stem cells were derived from
mouse embryos in 1981 in which mouse embryonic stem cells were cultured from embryos in the
uterus for increased cell count and then derived from these embryos (Evans & Kaufman, 1981;
Martin GR, 1981). By 1998, a technique was developed to isolate and grow human embryonic stem
cells in cell culture (James et al., 1998). Induced pluripotent stem cells (iPSC) are pluripotent stem
cells that are artificially procured from an adult differentiated somatic cell that is non-pluripotent
and is induced by the forced expression of specific genes (Yu etal., 2007; Hockemeyer et al., 2008).
Fibroblasts are mostly used for iPSC generation, but they can also be obtained from liver, pancreas
(3 cells and mature B cells (Yu and Thomson, 2008). Even though ESC and iPSC differ in origin, the
have highly similar growth characteristics, gene expression profiles, epigenetic modifications and
developmental potential (Sari¢ & Hescheler, 2008; Xu et al., 2009).
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Figure 1: The in-vitro transformation of a pluripotent stem cell to a hepatocyte can be seen in this figure.
Other stem cell types and some methods to obtain them can also be seen (Rashid & Alexander, 2013).



Micro RNAs (miRNA)

Micro RNAs or miRNAs were first discovered in nematodes and have been identified to play a key
regulatory role in biological processes in animals (Gebert & MacRae, 2019). miRNAs are short
non-coding RNAs with a length of 21 to 23 nucleotides that regulate gene expression post
transcriptionally by binding to the untranslated region of their target mRNAs which in turn
destabilizes the mRNA and induces translational silencing (Cannell et al., 2008). They contribute
to a major role in cell growth, proliferation, differentiation, immune response, and apoptosis (Cai
et al,, 2009). miRNAs can cause diseases like cancer when the gene complimentary to the miRNA
is mutated (Farazi et al., 2011). In diseased conditions, miRNA expression levels could be changed
due to alterations in the transcriptional or posttranscriptional regulation of miRNA expression
(Gommans & Berezikov, 2012). The lack of miRNA in a specific location will lead to genes being
up-regulated which has been seen in multiple cancers. miRNAs have the ability to target multiple
genes within a signaling pathway which makes them a promising target for drug development
(Tiwari et al.,, 2018). There are multiple websites and online tools available to identify miRNAs for
a given list of genes. In this study multiple miRNAs were identified for some up-regulated genes
in mature iPSC-HEPs using miRTarBase 2017 in the Enrichr online tool (Hsu et al., 2011; Chen et
al,, 2013).

Transcription factors

Transcription factors are proteins that have a precise structure that allows them to bind to
particular DNA sequences in gene regulatory regions and control their transcription (David
Latchman, 1997). These specific sequences of DNA are called enhancer or promoter sequences.
Some transcription factors bind to a DNA promoter sequence near the transcription start site and
form a transcription initiation complex which also contains RNA polymerase. The RNA
polymerase is triggered by the transcription initiation complex and starts mRNA synthesis which
leads to transcription of the targeted gene. Other transcription factors bind to regulatory
sequences like enhancer sequences and can either stimulate or repress transcription of the
related gene (Athanasios G. Papavassiliou, 1995). Transcription factors with their ability to
activate and repress genes play a vital role in controlling gene expression but only the
transcription factors that repress genes are looked into in this paper. The online tool TRRUST v2
was used to find transcription factors in this study (Han et al., 2018).

Aim

This project aims to extend on the findings proved by Ghosheh et al. (2017) who identified sets of
genes which induced expression during various developmental stages during the differentiation
of human pluripotent stem cells into mature hepatocytes. In the previous study, the top 2000
differentially expressed genes were clustered with k-means clustering using Pearson correlation
as the distant measure in R which resulted in 10 clusters. Genes in cluster 2 were typical for an
immature phenotype. CYP1A1 and CYP1B1, for example, are expressed in fetal liver and
subsequently down-regulated or silenced in adult liver. These results imply that some maturation
genes can be induced, in addition to either incomplete differentiation of human pluripotent stem
cells toward mature hepatocytes or failure in turning off transcription of fetal genes, or both.
These deviations are going to be checked to improve the functionality of hPSC-HEPs. The top 5
differentially expressed genes in cluster 2 were LRRC19, ISX, AREG, SLC51B, and CYP1A1. Cluster
4 and cluster 6 had very similar expression profiles and the top differentially expressed genes
were CXCR4, RP4-559A3.6, MIXL1, EOMES, and LGR5. Cluster 9 included genes that were



expressed in the later stages of hepatic differentiation, and these genes were slightly up-regulated
in hPSC-HEPs when compared with liver tissue controls. The top five differentially expressed
genes from cluster 9 are AFP, TTR, FGA, FGB, and APOB.

The overall aim with this project was to perform extensive bioinformatics analysis on cluster 2, 4,
6 and 9 using Enrichr to find interactions of genes that were up-regulated in hPSC-HEPs when
compared to the control liver tissues in these clusters (Chen et al, 2013). MicroRNAs and
transcription factors involved in the regulation of these genes were investigated so that the
expression of up-regulated genes in the mentioned clusters can be controlled. Therefore, only up-
regulated genes had been studied because miRNAs mainly regulate gene expression and the
transcription factors that have been investigated are only the ones that down-regulate gene
expression.

Materials and Methods

Experimental background described by Ghosheh et al. (2017)

In the previous work by Ghosheh, three human embryonic stem cell lines Cellartis AS034, SA121,
and SA181 and three human induced pluripotent stem cell lines (human iPS cell line ChiPSC6b,
P11012, and P11025) were cultured and differentiated into mature hepatocytes using DEF-CS
Culture System. The RNA processing and extraction was performed using the MagMAX-96 Total
RNA Isolation Kit and quantified by using GeneQuantpro spectrophotometer (Ghosheh et al,,
2016). Totally 33720 gene transcripts were obtained when the microarray data was normalized
using the robust multiple average normalization method to reduce nonbiological variation
(Irizarry et al., 2003). The reproducibility of the differentiation and the microarray experiments
were confirmed by clustering the dataset using Pearson correlation as distance measurement and
average linkage method in R using the genefilter package (Gentleman et al., 2021). Genes with
high differential expression were then identified by applying Significance Analysis of Microarray
data using the siggenes package in R (Holger Schwender, 2020).

The top 2000 genes with the most significant differential expression were then clustered using k-
means clustering and Pearson correlation as the distance measure using the amap package in R
to get 10 clusters (Caussinus et al., 2003). The number of clusters was set to 10 with an arbitrary
seed of 1987 after calculating the within-clusters sum of squares and the between-clusters sum of
squares and considering a compromise between these two measurements. The datasets have
been provided in the supplemental data in the online version of the article mentioned and were
used for this project.

Gene expression data analysis

It is to be noted that every time clustering is performed using k-means, the genes in the cluster
can differ from the previous iteration. The gene expression levels from Ghoseh’s study had been
looked into in the current project from the clusters that have been previously established in order
to find out which genes were up-regulated in the mature hPSC-HEPs when compared to the
control liver tissue. The ClueGo app in Cytoscape was used for the functional annotation of cluster
2, 4, 6 and 9 to show pathways (Bindea et al., 2009). Expression data of the mature hPSC-HEPs
from 6 different cell lines and 2 control liver tissue samples was used in this experiment. The mean
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of the expression data from the 6 cell lines corresponds to the variable “day30 mean” and the
mean of the 2 liver tissue samples was labelled “hlt mean”. Gene expression data of mature hPSC-
HEPs versus the control liver tissue was plotted in a barplot using Microsoft Excel because the bar
plot was more interactive than the one in R. When the averages were compared, it helped identify
which gene was up-regulated or down-regulated in the mature hPSC-HEPs when compared to the
control liver tissue.

Identification of microRNAs

Enrichr was used to find the miRNAs for the up-regulated genes in the different clusters so that
they could be regulated (Chen et al., 2013). Enrichr gave a set of results with different databases
and miRTarBase 2017 was chosen from among them. In 2010, the first version of miRTarBase was
created to integrate miRNA-target interaction (MTI) studies and their functional roles in different
biological processes (Hsu et al., 2011). Since then, the database has had some updates including
the latest one in 2020 in which a text mining system was integrated to increase the recognition of
MTI related articles by using a scoring system. A high score corresponded to an article that was
highly related to MTIs. A couple of biological databases were also incorporated to provide the
regulatory network of miRNAs and its expression in blood. Currently, the database has compiled
more than13,404 validated MTIs from 11,021 articles from manual curations. With these latest
revisions, miRTarBase is one of the most extensively annotated and experimentally validated MTI
databases that currently exist (Huang et al., 2020). In Enrichr, under the section miRTarBase 2017,
the results were first shown in a bar column and the miRNA with the highest p-value was shown
on top. The p-value was calculated from a Fisher exact test which assumes a binomial distribution
and independence for the probability of any gene belonging to any set. The “Clustergram” tab was
chosen to view the interaction of the miRNAs with the genes inputted in the list. For the
parameters, “Row Order” was set to “Cluster” and “Column order” was set to "Sum”. For the score,
the “Combined Score” was selected as it was a combined score of the p-value from the Fisher exact
test and a z-score. The “Top Enriched Terms” parameter represented the miRNAs and could be
set between 10, 20 and 30 and this was set to 30. The final parameter was “Top rows sum” which
represented the genes that corresponded to the miRNAs, and this was set to “all rows” so that all
the maximum number of genes could be displayed. The following parameters were set for all the
gene lists inputted so that the miRNAs were arranged from the highest to the lowest combined
score which was shown using a red bar over the miRNA. The results can be recreated by using the
cluster data in the Enrichr website (Chen et al,, 2013).

Identification of transcription factors

Transcription factors (TFs) were investigated for the up-regulated genes in cluster 2 using
TRRUST v2 because most of the miRNA that were identified were Mus musculus miRNA (Han et
al, 2018). The latest version of TRRUST includes 8,444 and 6,552 TF-target regulatory
relationships of 800 human TFs and 828 mouse TFs, respectively. These TF-target regulatory
relationships were formulated from 11,237 Pubmed articles which report small-scale
experimental studies of transcriptional regulations. This was done using a sentence-based text
mining approach to search for regulatory interactions from over 20 million Pubmed articles. Data
for human genes and mouse genes are included in TRRUST (Han et al., 2018). In the search tab of
the TRRUST website, there were two options. The second option is a tool that finds TFs for a list
of genes. In this section, the “Species” parameter was set to “human”, and the list of up-regulated
genes were inputted in the query bar and submitted. In the output, the number of valid genes,
invalid genes and the query genes included in TRRUST were shown. The output also included a
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table with a list of TFs, their description, the number genes interacting with the TF, the p-value
and the false discovery rate. The TFs were arranged in this table depending on the highest p-value.
The interaction of the TFs with the genes is opened in a new tab automatically and it contains a
table with the TF, the target gene and the mode of regulation (up-regulation or down-regulation),
a Pubmed ID reference for the proof of regulation and a final column containing Gene Ontology
biological process of the target genes. With the help of this last table, a few TFs were found that
could down-regulate the up-regulated genes in cluster 2.

Pathway analysis

The online tool ConsensusPathDB was used to identify networks between the genes that were
upregulated in the mature hPSC-HEPs (Kamburov et al., 2011). This was applied on one cluster at
a time. ConsensusPathDB uses over 31 public repositories to get information on interactions
(Herwig et al., 2016). It contains 20499 unique physical entities and 859848 unique interactions
with 5578 different pathways. The tool describes interaction network modules, biochemical
pathways and functional information that are significantly enriched by the user's input by using
computational methods for enrichment, statistical over-representation, and graph analysis. In the
left panel of the website the enrichment analysis option under gene set analysis is chosen. The list
of upregulated genes is inputted for each cluster separately and then submitted. In the parameters
section, “pathways as defined by pathway databases” was checked and all the databases available
were selected, the minimum number of measured genes was set to 4 and the p-value cut off was
set to 0.01 before enriching the genes. The output gives the pathway, the number of genes in the
pathway, the p-value, and the g-value. There was also an option to visualize the selected pathways
once they were selected. All the pathways were eventually derived from the Reactome database
(Grissetal.,, 2020; Jassal et al., 2020). The results from the pathway analysis were discussed briefly
with the discussion of this project.

This study could give a broader explanation on which TFs and miRNA interact in the development
process of mature hepatocytes from human embryonic stem cells to give mature cells of higher
quality. A brief description of the genes (and their implications when up-regulated) that could be
regulated by the miRNAs and TFs were also included in the discussion.

Results

Gene expression levels

Excel was used to create a bar plot for each cluster showing the genes that were up-regulated and
down-regulated in mature hPSC-HEPs compared to the control liver tissues in cluster 2,4 & 6, and
9. The blue bars represent the gene expression level of the mature hPSC-HEPs and the red bars
show the gene expression levels of the control liver tissues. The genes up-regulated in the hPSC-
HEPs were shown before the genes down-regulated in the hPSC-HEPs when compared to the
control liver tissue. Figures 2, 3 and 4 represent the average of gene expression levels in mature
hPSC-HEPs against the average gene expression levels in the control liver tissues in cluster 2, 4 &
6 and 9 respectively. From the data of the bar plot, the genes that were up-regulated in mature
hPSC-HEPs compared to the control tissue were selected so that regulatory factors could be
investigated for them. With this, each cluster studied provided a list of genes that could be used
as input to different enrichment tools. A brief description of the number of genes that were up-



regulated in the mature hPSC-HEPs compared to the control tissue was provided after Figure 2, 3
and 4.
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Figure 2: The barplot shows the gene expression levels of the average of the mature hPSC-HEPs (blue) and
the control liver tissues (red) for the different genes in cluster 2.

Figure 2 showed that out of a total of 86 genes, 71 genes were up-regulated and 15 genes down-
regulated in mature hPSC-HEPs when compared to the gene expression level in the control liver
tissue in cluster 2.
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Figure 3: The barplot shows the gene expression levels of the average of the mature hPSC-HEPs (blue) and
the control liver tissues (red) for the different genes in cluster 4 & 6.

Figure 3 showed that out of a total of 170 genes, 64 genes were up-regulated, and 106 genes were
down-regulated in mature hPSC-HEPs when compared to the gene expression level in the control
liver tissue in cluster 4 & 6.



Expression levels of hPSC-HEP average vs control liver tissue in
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Figure 4: The barplot shows the gene expression levels of the average of the mature hPSC-HEPs (blue) and
the control liver tissues (red) for the different genes in cluster 9.

Figure 4 showed that out of a total of 109 genes, 72 genes are up-regulated and 37 genes were
down-regulated in hPSC-HEPs when compared to the gene expression level in the control liver
tissue in cluster 4 & 6.

Identification of miRNAs

Once the gene listis inputted in Enrichr, miRTarBase 2017 was selected and the view was changed
to “Clustergram” for visualization (Chen et al., 2013; Hsu et al,, 2011). The results showed Mus
musculus miRNAs (mmu-mir-*) and also Homo sapiens miRNAs (hsa-mir-*). For the rest of this
paper, hsa-mir-* will be referred to as miR-* because the only miRNAs that were mentioned in
this paper were human miRNAs, as they were relevant to the current study. The hsa-mir-* and
their interactions with the genes were noted before each figure. Figures 5, 6 and 7 show the results
of the up-regulated genes hPSC-HEPs and the miRNA that can regulate them for clusters 2,4 & 6
and 9 respectively. Since the figures itself were difficult to interpret, figures were also made using
BioRender to visualize the Enrichr results.

Cluster 2

The miRNAs found for the up-regulated genes in cluster 2 had the following interactions. MiR-
4539, miR-181a-2-3p, miR-105-p and miR6826-3p regulated 8 genes (PAG1, ABCG2, CYP1B1,
CLIC5, TSPAN1, DUOX2, TMEM45B and PRR15L) from the list of 71 genes that was inputted. Since
only 4 miRs were found for the up-regulated genes in mature hPSC-HEPs, TFs were also
investigated for these genes.
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Figure 5: The image on the left is the result from Enrichr using the genes from cluster 2 without down-
regulated genes in mature HEP-iPSCs. miRNAs that can regulate genes are shown under “Enriched Terms”
and the genes that the miRNAs regulate are shown on the left as “Input Genes” The image on the right is a
representation of the miRNA interaction with the up-regulated genes (Reprinted from “Cluster 2 gene-
miRNA interaction”, by BioRender.com). The chromosome number for each gene is also included as “chr
(chromosome number)”.

Input Genes

Transcription Factors for cluster 2

In cluster 2, most of the miRNAs that were identified were mouse miRNAs and because of this,
transcription factors for this cluster were investigated. A gene list of the up-regulated genes
excluding the genes that were in the Enrichr results was used to get transcription factors for the
genes using TRRUST v2 (Han et al,, 2018). Transcription factors can regulate genes or increase
their expression but only regulatory transcription factors and the genes they interact with were
investigated in this study. Table 1 shows the list of transcription factors and the different genes
that they regulate.

Table 1. This table shows the action of the transcription factors on the query genes included in TRRUST v2
(Han et al,, 2018). Transcription factors that could repress the genes of cluster 2 were compiled.

Transcription Repression of

Factor gene(s)

HNF1A TM4SF1

EP300 LAMA3, NR1H4

AHR CYP1A1

RELA, NFKB1 SERPINAS3,
TNFSF10

NFIL3 TNFSF10

ESR1 CYP1A1

USF1 CYP1A1

HIF1A ABCB1, ACE2

EGR1 TNFSF10




Out of the 10 transcription factors provided, HNF1A, EP300, AHR, NFKB1 and HIF1A in
combination could repress 8 genes (TM4SF1, LAMA3, NR1H4, CYP1A1, SERPINA3, TNFSF10,
ABCB1 and ACE2) in cluster 2. All the genes that are up-regulated in mature hIPSC- HEPs in cluster
2 that can be regulated using miRNAs and transcription factors were shown to favor either the
development or progression of various tumors except for PAG1.

Cluster 4 and 6

To regulate 20 genes (BMPR2, FRZB, DCBLD2, GATA6, MYOCD, SERINC3, RHOBTB3, LRIG3,
COLEC12, LRP12, PLXNA2, DDHD1, AJAP1, LRIG3, GNAL, RAP2A, DCBLD2, LIX1L, ZEB1, ZFPM2
and DLC1), a combination of miR-125b-1-3p, miR-4760-3p, miR-520f-3p, miR-200b-3p, miR-770-
5p, miR-204-3p and miR-335-3p could be used. Most of the genes that have been up-regulated in
hPSC-HEPs in cluster 4 & 6 were associated with tumors when up-regulated. The exceptions are
BMPR2, GATA6, RHOBTB3 and AJAP1 out of which high expression of RHOBTB3 and AJAP1 did
not favor tumorigenicity. These were investigated in the discussion.

Enriched Terms

Interaction of miRNAs with genes in Cluster 4 and 6
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Figure 6: The image on the left is the result from Enrichr using the genes from cluster 4 & 6 without down-
regulated genes in mature HEP-iPSCs. miRNAs that can regulate genes are shown under “Enriched Terms”
and the genes that the miRNAs regulate are shown on the left as “Input Genes” The image on the right is a
representation of miRNA interaction with the up-regulated genes using BioRender (Reprinted from “Cluster
4 & 6 gene-miRNA interaction”, by BioRender.com). The chromosome number for each gene is also included
as “chr (chromosome number)”.

Cluster 9

All of the genes in cluster 9 that were up-regulated in hPSC-HEPs either promoted or caused
tumorigenicity in different cells except for TFPI and APOB which when up-regulated repressed
cancers. These were investigated in the discussion. MiR-3689f, miR-500b-5p, miR-494b-3p, miR-
2681, miR-146a-5p, miR-6514-5p, miR-1291-3p, miR-200a-3p, miR-292a-5p, miR-1248 and miR-
4503 could be used to regulate 26 out of 27 genes (THRB, SLC7A7, SGMS2, CLIC6, PRRG4, DCDC2,
IL1RAP, PROS1, CFTR, TFPI, APOB, TTR, APOA1, ENTPD5, LRP2, EGFR, SPTLC3, ANKS4B, MAF,
KLB, SLC35D1, XKRX, FRK, RNF128, UNC93A and NDRG1) in Figure 5 except for AFP for which a
mouse miRNA is the only interaction from the given list.
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Figure 7: The figure on the left is the result from Enrichr using the genes from cluster 9 without down-
regulated genes in mature HEP-iPSCs. miRNAs that can regulate genes are shown under “Enriched Terms”
and the genes that the miRNAs regulate are shown on the left as “Input Genes” The image on the right is a
representation of miRNA interaction with the up-regulated genes using BioRender (Reprinted from “Cluster
9 gene-miRNA interaction”, by BioRender.com). The chromosome number for each gene is also included as

“chr (chromosome number)”.
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Discussion

Genes that can be regulated in cluster 2 using miRNAs

The up-regulated genes from cluster 2 that could be regulated with the miRNAs found were
discussed in this section. The ubiquitously expressed transmembrane adaptor protein
phosphoprotein membrane anchor with glycosphingolipid microdomains 1 (PAG1) acts as a
tumor suppressing gene (Svec, 2009). It was up-regulated in mature hPSC-HEP and can be
regulated using miR-4539. Another gene that can be regulated using miR-4539 was ABCG2. The
ATP-binding cassette transporter G2 (ABCG2) gene had been involved in clinical multi drug
resistance in cancer. It excretes endogenous and exogenous substrates on its localized cellular
plasma membrane in cancer cells and in normal tissues. It also protects the tissue against
xenobiotics (Todoya et al, 2019). MiR-181a-2-3p also regulates the activity of ABCG2. The
metabolism of various xenobiotics was carried out by the gene CY1PB1, and it was seen to be
expressed in and extrahepatic tissues. High frequency of CYP1B1 in multiple cancers suggest that
its modulation can decrease tumorigenesis and prevent cancer (Li et al., 2017). In this study
CYP1B1 had to be regulated because it was up-regulated in the mature hPSC-HEPs, and this can
be done using miR-181a-2-3p. The genes CLIC5, TSPAN1 and DUOX2 can be regulated by miR-
105-p. In hepatocellular carcinoma, chloride intracellular channel 5 (CLIC5) had been found to be
up-regulated and its inhibition resulted in decreased migration and invasion (Flores-Tellez et al.,
2015). The protein coding gene, tetraspanin 1 (TSPAN1), when up-regulated caused cancer in
pancreas and its downregulation contributed to reduce migration and invasion (Wang et al.,
2021). In several types of cancers including pancreatic and colorectal cases, the gene dual oxidase
2 (DUOX2) had been shown to be highly expressed (Cao et al., 2021; Burguefio et al., 2021).
Upregulation of transmembrane 45b (TMEM45B) caused multiple types of cancer including
prostate, gastric and also tumorigenesis in osteogenic carcinoma and downregulation can be
associated with alleviated conditions (Luo et al.,, 2018; Shen et al,, 2018; Li et al., 2017). Also
referred to as ATAD4 Proline-rich protein 15-like protein (PRR15L) and not much was known
about this gene, but it had been associated with breast carcinoma and osteosarcoma (Sheils et al.,
2021).

Genes that can be regulated in cluster 2 using transcription factors

The up-regulated genes from cluster 2 that could be regulated with the transcription factors found
were discussed in this section. Belonging to the tetraspanin family, transmembrane 4 L six family
member 1(TM4SF1) and its high expression levels were associated with ovarian cancer and other
epithelial cancers (Gao et al., 2019; Tang et al., 2020). The TF HNF1A can repress TM4SF1. The
gene laminin subunit a3 (LAMA3) had been associated with ovarian cancer when mutated and
down-regulated (Feng et al., 2021). In the data provided, since LAMA3 was up-regulated, it can be
regulated with the transcription factor EP300. The TF EP300 can also regulate the gene NR1H4
which encodes a nuclear receptor called farsenoid X receptor which controls bile acid homeostasis
and regulates several metabolic pathways that are essential to liver energy balance (Preidis et al,,
2017). The production of reactive oxidative species is modulated by the gene cytochrome P450
1A1 (CYP1A1) and it should be regulated as the oxidative stress plays an important role as hepatic
liver peroxidation progresses with its overexpression (Huang et al, 2018). The transcription
factor ESR1 can regulate the expression of CYP1A1. When up-regulated, the gene serpin peptidase
inhibitor, clade A member 3 (SERPINA3) promotes hepatocellular carcinoma and the factors
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associated with it (Ko et al., 2019). A compound called ELFDO can be used to sensitize liver cancer
cells to tumor necrosis factor superfamily member 10 (TNFSF10) which help induce apoptosis in
the liver cancer cells (Qu et al, 2019). The TFs RELA and NFKB1 regulate the expression of
SERPINA3 and TNFSF10. When up-regulated, ATP binding cassette subfamily B member 1
(ABCB1) had been seen to promote multidrug resistance in cancers (Feng et al., 2020). The gene
angiotensin-converting enzyme 2 (ACE2) was involved in the modulation of the renin-angiotensin
system and blood pressure and was a molecular receptor for SARS-CoV (Wu et al,, 2020). The
genes ABCB1 and ACE2 can be down-regulated by the TF EGR1.

Genes that can be regulated in cluster 4 & 6 using miRNAs

The up-regulated genes from cluster 4 & 6 that could be regulated with the miRNAs were
discussed in this section. The variants of bone morphogenetic protein receptor 2 (BMPR2) when
down-regulated plays a critical role in the development of pulmonary artery hypertension (Song
et al, 2020). The gene frizzled-related protein (FRZB) was up-regulated in patients with
hepatocellular carcinoma (Huang et al,, 2015). Since BMPR2 and FRZB was up-regulated in the
mature HEP-iPSCs they can be regulated with miR-125b-1-3p. The protein coding gene discoidin,
CUB and LCCL domain containing 2 (DCBLD2) was up-regulated in colorectal cancer and lung
cancer (Pagnotta et al, 2013; Koshikawa et al., 2002). The genes DCBLD2 and FRZB can be
regulated by miR-451-a. The gene GATA binding protein 6 (GATA6) belongs to a family of zinc
finger transcription regulators and was involved in various stages of development of the liver
(Zhang & He, 2018). The gene MYOCD encodes for the protein myocardin, and its increased
expression can lead to the activation of non-small cell lung cancer cells (Tong et al., 2020). The
genes GATA6 and MYOCD can be regulated by miR-4520-2-3p since they are up-regulated in the
mature HEP-iPSCs. The genes serine incorporator 3 (SERINC3) along with SERINC5 was highly
expressed in human HIV-1 target cells (Usami et al., 2015). The gene rho-related BTB domain-
containing protein 3 (RHOBTB3) belongs to the RHOBTB subfamily of the rho family GTPases and
high expression of RHOBTB3 favored the overall survival of patients with non M3 acute myeloid
leukemia (Yang et al., 2021). The gene leucine rich repeats and immunoglobulin like domains 3
(LRIG3) interacts with circular RNA to form circ-LRIG which when highly expressed, promotes
hepatocellular carcinoma (Sun et al,, 2020). The genes SERINC3, RHOBTB3 and LRIG3 can be
regulated with miR-4760-3p. High expression of COLEC12 in osteosarcoma patients increased
tumor weight, migration and invasion of the tumor (Li et al.,, 2020). The gene LDL Receptor related
protein 12 (LRP12) was up-regulated in oral squamous cell carcinomas (Garnis et al., 2004). The
genes COLEC12 and LRP12 can down-regulated by miR-520f-3p. The protein coding gene plexin
A2 (PLXNAZ2) was up-regulated in the cerebellum of patients with schizophrenia (Mah et al,,
2006). The genes SERINC3 and PLXNA2 can be down-regulated by miR-4717-3p. The protein
coding gene DDHD domain containing 1 (DDHD1) was up-regulated in colorectal cancers
(Raimondo et al., 2018). The genes BMPR2 and DDHD1can be down-regulated using miR-550b-
3p. The gene ras-related protein rap-2a (RAP2A) was highly expressed in breast cancer cells and
tissues (Liu et al., 2020). The genes LRIG3, RAP2A and BMPR2 can be down-regulated by miR-
100-3p. The gene deleted in liver cancer-1 (DLC1) was up-regulated in multiple cancers and acts
as a potential tumor suppressor (Zhang & Li, 2020). The genes DLC1, RAP2A and LRP12 can be
down-regulated with miR-663. The gene zinc finger E-box binding homeobox 1 (ZEB1) was up-
regulated in multiple cancers and favored their migration, invasion and metastasis (Caramel et al,,
2018). The gene zinc finger protein, FOG family member 2 (ZFPM2) when mutated in its long
coding RNA forms ZFPM2 antisense RNA 1 (ZFPM2-AS1) which when up-regulated, promoted
gastric carcinogenesis and hepatocellular carcinoma (Kong et al., 2018; Liu et al., 2020). The genes
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ZEB1, ZFPM2, DLC1, GATA6 and DCBLD2 can be down-regulated using miR-200a-3p. The gene
DDHD1 can be down-regulated by miR-770-5p. In hepatocellular carcinoma and glioblastoma
multiforme the gene adherens junctions-associated protein 1 (AJAP1) was down-regulated (Han
etal.,, 2017; Di et al.,, 2018). The gene limb and CNS expressed 1 like (LIX1L) was up-regulated in
multiple cancers and promoted the progression of hepatocellular carcinoma (Zou et al,, 2021).
When up-regulated, the gene ring finger protein 152 (RNF152) inhibited colorectal cancer cell
proliferation (Cui et al.,, 2018). The genes AJAP1, DCBLD2, LIX1L, PLXNA2 and RNF152 can be
down-regulated using miR-204-3p. The gene g protein subunit alpha L. (GNAL) when mutated,
caused various forms of dystonia (Adam et al., 2019). The genes MYOCD, AJAP1, LRIG3, GNAL,
COLEC12 and RAP2A could be down-regulated with miR-335-3p.

Genes that can be regulated in cluster 9 using miRNAs

The up-regulated genes from cluster 9 that could be regulated with the miRNAs found were
discussed in this section. The gene thyroid hormone receptor § (THRB) primarily produces
thyroid hormones but was also important for the normal functioning of the adult liver (Ortiga-
Carvalho et al., 2014). The gene, mutation in solute carrier family 7 member 7 (SLC7A7), caused
lysinuric protein intolerance and its overexpression played a key role in the development of T-cell
acute lymphoblastic leukemia in patients (Sperandeo et al.,, 2008; Ji et al., 2018). When the gene
sphingomyelin synthase 2 (SGMS2) was up-regulated in esophageal squamous cell carcinoma it
counteracted the effect of THAP9 antisense RNA 1 (THAP9-AS1) (Pan et al,, 2021). The gene
chloride intracellular channel 6 (CLIC6) was up-regulated in breast cancer in a specific group of
patients studied (Li et al, 2020). The genes THRB, SLC7A7, SGMS2 and CLIC6 can be down-
regulated with miR-3689f. When up-regulated in breast cancer patients, the gene proline rich y-
carboxyglutamic acid protein 4 (PRRG4) promoted metastasis (Zhang et al., 2020). Biallelic
mutations in doublecortin domain containing 2 (DCDC2) caused neonatal sclerosing cholangitis
in a proband who had the condition (Lin et al.,, 2020). miR-500b-5p down-regulates the genes
PRRG4 and DCDC2. The gene interleukin 1 receptor accessory protein (IL1RAP) was up-regulated
in hematopoietic stem cells of patients with acute myeloid leukemia (Barreyro et al., 2012). When
up-regulated in oral squamous cell carcinoma, the gene protein S (PROS1) regulated AXL receptor
tyrosine kinase (AXL) and increased tumorigenicity (Abboud-Jarrous et al.,, 2017). When mutated,
CF transmembrane conductance regulator (CFTR) gene caused cystic fibrosis (Lopes-Pacheco et
al,, 2016). When the tissue factor pathway inhibitor (TFPI) gene was inhibited in patients with
haemophilia, functional hemostasis was restored (Peterson et al, 2016). The genes IL1RAP,
PROS1, CFTR and TFPI can be down-regulated with miR-494b-3p. When inactivated the
apolipoprotein B (APOB) gene favored the tumorigenicity of hepatocellular carcinoma (Lee et al.,
2018). When mutated, the gene transthyretin (TTR) was expressed in large amounts in the liver
that led to familial amyloid polyneuropathy (Niemietz et al., 2015). When regulated by tripartite
motif (TRIM) family member TRIM15, the gene apolipoprotein A1 (APOA1) increased the invasion
and metastasis of pancreatic cancer cells (Sun et al., 2021). The genes APOB, TTR and APOA1 can
be down-regulated using miR-2681. The overexpression of the ectonucleoside triphosphate
diphosphohydrolase 5 (ENTPD5) gene favored the progression of lung cancer by regulating
Caspase expression (Xue etal.,, 2015). The gene LDL receptor related protein 2 (LRP2) was down-
regulated to block the c-Jun N-terminal kinases signaling pathway to induce apoptosis in thyroid
cancer cells (He et al., 2020). The overexpression of epidermal growth factor receptor (EGFR) was
associated with poor prognosis in patients with non-small cell lung cancer (Ohsake et al., 2000,
Selvaggi et al., 2004). The genes IL1RAP, ENTPD5, LRP2 and EGFR can be down-regulates using
miR-146a-5p. High expression of serine palmitoyltransferase long chain base subunit 3 (SPTLC3)

14



mRNA in a nonalcoholic steatohepatitis mouse model was associated with development of
hepatocellular carcinoma (Yoshimine et al., 2015). The gene ankyrin repeat and sterile alpha motif
domain containing 4B (ANKS4B) was identified to be one of the genes that were significantly
expressed in ovarian carcinoma (Wang et al., 2019). In tissues with esophageal cancer MAF BZIP
transcription factor (MAF) expression was significantly increased in macrophages due to
interferon-y (Takeya et al., 2019). The genes SPTLC3, ANKS4B and MAF can be down-regulated
with miR-6514-5p. The klotho beta (KLB) gene regulates multiple metabolic systems in the liver
and treatment with exogenous protein of KLB with human bladder cancer cell lines increased
their proliferation, migration and growth (Hori et al., 2016). The genes PRRG4 and KLB can be
down-regulated using miR-1291-3p. The solute carrier family 35 member D1 (SLC35D1) gene
was found to be a key gene in the development of ulcerative colitis-associated colorectal cancer
along with the transcription factor TEF3 (Zhang et al., 2021). The genes SLC35D1, EGFR and THRB
can be down-regulated with miR-200a-3p. The expression of the XK related x-linked (XKRX) gene
was significantly higher in colorectal cancer tissues than in normal tissues (Pan et al., 2018). The
activity of fyn-related kinase (FRK) in malignant tumors still needs to be researched but it was
highly expressed in non-small cell lung cancer and provides stemness by induction of metabolic
reprogramming (Zhang et al., 2020). The genes XKRX, FRK and SGMS2 can be down-regulated
using miR-292a-5p. The overexpression of ring finger protein 128 (RNF128) in hepatoma cells
enhanced their proliferation, migration and invasion (Bai et al., 2020). The genes FRK, RNF128
and PRRG4 can be down-regulated with miR-1248. Elevated expression of unc-93 homolog A
(UNC93A) was associated with worse overall survival of patients with high-risk neuroblastoma
(Ognibene et al., 2020). The n-myc downstream regulated 1 (NDRG1) gene was highly expressed
in tissues of patients with inflammatory breast cancer (Villodre et al., 2020). The genes UNC93A
and NDRG1 can be down-regulated using miR-4503.

Pathway analysis

The online tool ConsensusPathDB was used to find networks between the genes that were
upregulated in the mature hPSC-HEPs (Kamburov etal., 2011). The top two pathways, the number
of genes and the genes in common were noted for the up-regulated genes of each cluster. In cluster
2, there were 14 hits for metabolism pathway and 10 hits for the pathway of transport of small
molecules with the genes SLC44A3, SLC44A4 and ABCB1 in common. In cluster 4&6 there was 10
hits for the signal transduction pathway and the metabolism pathway with the gene CYP26A1 in
common. In cluster 9, there was 23 hits for the metabolism and 12 hits for the pathway of
metabolism of proteins with the genes APOA1, APOA2 and APOB in common. It was noteworthy
that the metabolism pathway was in the top two hits for clusters 2,4 & 6 and 9.

Conclusion

During this study, 244 genes that were up-regulated in mature hPSC-HEPs when compared to the
control liver tissue were identified. From these 244 up-regulated genes, 10 TFs were found that
could regulate 8 genes and 22 miRNAs were identified that could regulate 54 genes. Out of the 62
genes that could be regulated, 57 genes promoted tumorigenicity when they were up-regulated
and 5 genes (PAG1, RHOBTB3, AJAP1, TFPI and APOB) had no effect or aided in the reduction of
tumorigenicity on up-regulation. The up-regulation of genes that led to tumors was a major
motivation to find regulatory factors for these genes and could help in preventing hPSC-HEPs from
turning cancerous. A pathway analysis on the upregulated genes showed that in all the clusters
studied, the metabolism pathway was in the top two hits. In the aim of this experiment the top 5
differentially expressed genes in each cluster that was investigated in Ghosheh’s study was
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mentioned. In cluster 2, a miRNA was identified for the gene ISX but it was not mentioned because
it was a Mus musculus miRNA and 3 different transcription factors (AHR, ESR1 and USF1) that
interact with CYP1A1 were identified. In cluster 4 & 6, no miRNAs could be identified for the top
differentially expressed genes mentioned. In cluster 9 however, the miRNA miR-2681, was
identified for TTR and APOB. Since all the results obtained in this paper were purely analytical,
they need to be validated with wet lab experiments for their efficacy in an experimental setup.

Ethical aspects, gender perspectives, and impact on the society

Stem cell based medicinal products are used in the differentiation status, proliferation capacity,
in-vitro culture, and many other aspects, all of which involve risk factors which question the safe
application of stem cell therapy. A vast majority of clinical trials focused on mesenchymal stem
cells (MSC) in regenerative medicine applications has not specified any major health concerns
which suggest it could be an alternative (Herberts et al., 2011). A risk factor is defined as a
potential source of harm (ISO 31000:2018). Since the variety of risk factors in stem cell based
medicinal products is large, the risks can differ widely as well. Because of the same, all important
identified risks and potential risks should be determined extensively (European Medicines
Agency). The risk factors include risks of tumor formation, risk of immune response in allogeneic
stem cell transplantation, risk of transmission of a human pathogen and external agents and
potential risk factors that have not been accounted because they have not been found so far
(Herberts et al., 2011). Stem cells and tumor cells are similar in lifespan, apoptosis resistance and
the ability to proliferate over a prolonged time period (Werbowetski etal., 2009). Identical growth
regulators and control mechanisms are associated with both cancer and stem cell maintenance
(Li etal,, 2006).

The potency of a stem cell is one of the fundamental factors for the risk of tumor formation.
Intrinsic factors such as site of administrations and extrinsic factors like manipulation of the stem
cells during in vitro culturing can also trigger tumor formation. Benign teratomas and malignant
teratocarcinomas have been observed after treatment with human ESCs or mouse iPSCs (Shih et
al,, 2007). Many genes that are used to synthesize iPSC are either indisputable oncogenes such as
Myc (MYC proto-oncogene) and KLF4 (Kruppel like factor 4) (PS Knoepfler, 2008; Wei et al., 2005)
or are in various ways linked to tumorigenesis such as Sox2, Nanog, and Oct3 (Chen et al., 2008;
Chiou et al., 2008; Palma et al., 2008). Myc expression is not only shared between stem and tumor
cells, but distinct groups of Myc regulated target genes that are co-expressed in both malignant
tumors and ESC (Ben et al,, 2008). In a major paper about iPSCs, it had been reported that the
creation of an iPSC without the presence of Myc was not possible (Takahashi and Yamanaka,
2006). Another master stem cell regulator KLF4 was studied, and it could be seen that lowered
levels affected ESC pluripotency and self-renewal which forced ESC to differentiate (Jiang ] et al.,
2008).

When it comes to the gender perspective, there is a lot of controversy and abuse relating to the
donation of female body tissues for stem cell research (SCR). There have been acts of cross border
in-vitro fertilization between Eastern and Western Europe in which poor women were
manipulated or bribed for in-vitro fertilization, extraction of research ova and/or to generate
research embryos (Catherine Waldby, 2008). There are many social and environmental factors
that impact the public opinion on SCR. Many countries have their own rules and regulations on
what can be donated and how much research is acceptable. In a study conducted in the
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Netherlands, the Society for Gender and Technology asserted that there was a severe
psychological impact on women who donated their egg cells when compared to men donating
their sperm. Research into the prevention of infertility could be conducted instead of pursuing
embryo research as women'’s health interests could be supported (Marta Kirejczyk, 2008). In a
country like the UK where ESR is promoted, it is allowed to create an embryo just for research
purposes and the opinion of scientists from two different laboratories was taken as an example.
A socio-ethical study was conducted in the UK in which 15 scientists who work with hESCs were
interviewed about their ethical opinion regarding their work. All of them were prepared to use
spare embryos were used for research whereas most of them were against the creating an embryo
just for research (Wainwright et al., 2006).

Because of the diversity of the risks involved with dealing with ESCs for medicinal use, methods
have been made so that the process has reduced tumorigenicity. One of the ways to slow or even
eliminate the tumorigenicity in normal stem cells prior to transplantation may be to use their
pluripotency by partially differentiating them into progenitors. Stem cells can be used to produce
progenitor or precursor cells of the desired lineage and then the transplant progenitors could be
purified by sorting. The sorting could be either positive (sorting for the progenitors based on
markers) or negative (sorting based on stem cell markers for their elimination). On attaining
adequate purity by weeding out through differentiation combined with sorting possibly all
contaminating stem cells that remain, the progenitor transplant should be both dependable and
potent. Since differentiation is a dynamic process, the presence of residual stem cells can be
observed in differentiated cultures which makes sorting imperfect (PS Knoepfler, 2009).

Thymidine kinase (tk) which acts as a suicide gene when genetically integrated into stem cells has
been reported to be effective in combination with Ganciclovir (Gan) treatment (Schuldiner et al.,
2003). The treatment in this study was not stem cell specific and would have also killed any
differentiated progeny from those stem cells in a hypothetical treatment situation causing it to
fail. Differentiated teratoma cells were readily killed by Gan treatment. Using oct3 or nanog
promoter driven expression of tk, would make the system ideally kill only those hESC that have
escaped differentiation. One of the concerns was that if small, but functionally relevant
subpopulations of hESC may not express key stem cell factors like oct3 and nanog even though
most major hESC do so. Even with efficient stem cell killing, the possibility of patients requiring
life-long treatment with Gan or other agents to contain the growth of residual stem cells questions
the possibility of the re-emergence of proliferating, drug-resistant stem cells which could in turn
lead to tumors at later dates. A study was conducted on the safety of viral transduction of human
hematopoietic stem cells in which and MSCs in which the progress in the animals was followed
for 18 months and no evidence of tumorigenesis was found which implied that introduction of a
single suicide gene with limited genetic modification may be safe. This addresses a major concern
which takes into consideration the risk of tumorigenicity when genetically modifying stem cells
(Bauer et al, 2008). It is possible to design viral vectors so that they integrate with a high
frequency at specific non-coding genomic sites at regions distant from the genes so that there is
enhanced safety.

Therefore, the most practical approach to safe regenerative medicine could be an incorporation
of differentiation and sorting with the introduction of a stem cell specific suicide gene or using a
non-genetic method directed at killing residual stem cells.

A proline rich nuclear protein named undifferentiated embryonic stem cell transcription factor 1
(UTF1) has been shown to have a role in cell differentiation in pluripotent and germ cells and also
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acts as either an oncogene or a tumor suppressor gene in cancer cells. It can also additionally as a
biomarker to identify iPSCs (Raina et al., 2021).

Future perspectives

Out of the 10 clusters that were provided in Ghosheh et al.,, 2017, only 2, 4 & 6 and 9 were looked
into in this paper. The genes in cluster 10 seemed to have a huge difference in expression levels
between the mature hPSC-HEPs and control liver tissues and could be looked into using the same
methodology in this paper. An alternate way to do the same methodology provided would be to
run Enrichr multiple times with the same gene list. With every iteration, the genes for which the
miRNAs have been found can be removed. This would make the resulting iteration have a whole
new set of genes and in this way the entire cluster can be covered. Identification of miRNAs and
transcription factors will prove vital in regulating the right genes which could help prevent stem
cell products from turning cancerous.
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