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Direct Conversion of Human Endothelial
Cells Into Liver Cancer-Forming Cells
Using Nonintegrative Episomal Vectors

Takeshi Goya,l’2 Kenichi Horisawa,’ Miyako Udono,’ Yasuyuki Ohkawa,® Yoshihiro Ogawa,2 Sayaka Sekiya,l and Atsushi Suzuki!

Liver cancer is an aggressive cancer associated with a poor prognosis. Development of therapeutic strategies for liver
cancer requires fundamental research using suitable experimental models. Recent progress in direct reprogramming tech-
nology has enabled the generation of many types of cells that are difficult to obtain and provide a cellular resource in
experimental models of human diseases. In this study, we aimed to establish a simple one-step method for inducing cells
that can form malignant human liver tumors directly from healthy endothelial cells using nonintegrating episomal vec-
tors. To screen for factors capable of inducing liver cancer-forming cells (LCCs), we selected nine genes and one short
hairpin RNA that suppresses tumor protein p53 (7P53) expression and introduced them into human umbilical vein
endothelial cells (HUVECs:), using episomal vectors. To identify the essential factors, we examined the effect of chang-
ing the amounts and withdrawing individual factors. We then analyzed the proliferation, gene and protein expression,
morphologic and chromosomal abnormality, transcriptome, and tumor formation ability of the induced cells. We found
that a set of six factors, forkhead box A3 (FOXA3), hepatocyte nuclear factor homeobox 1A (HNF1A), HNF1B, lin-28
homolog B (LIN28B), MYCL proto-oncogene, bHLH transcription factor (L-MYC), and Kruppel-like factor 5 (KLF5),
induced direct conversion of HUVECs into LCCs. The gene expression profile of these induced LCCs (iLCCs) was
similar to that of human liver cancer cells, and these cells effectively formed tumors that resembled human combined
hepatocellular—cholangiocarcinoma following transplantation into immunodeficient mice. Conclusion: We succeeded in the
direct induction of iLCCs from HUVECs by using nonintegrating episomal vectors. iLCCs generated from patients
with cancer and healthy volunteers will be useful for further advancements in cancer research and for developing meth-
ods for the diagnosis, treatment, and prognosis of liver cancer. (Hepatology Communications 2022;6:1725-1740).

iver cancer is the fourth most lethal malig-
nancy worldwide™ and remains a major health
problem. Elucidating the precise mechanism
of tumor initiation and progression is necessary to
develop novel therapies for liver cancer, and appro-
priate experimental models are important for such
studies. Therefore, several experimental models, such
as those chemically induced, xenograft modified, and

genetically modified, have been developed.(2) In chem-
ically induced models, administration of a chemical
reagent promotes inflammation followed by fibrosis
and eventually leads to liver cancer. The advantage of
chemically induced mouse models is their similarity to
human liver cancer in the context of liver inflamma-
tion and fibrosis. However, chemically induced mod-
els incompletely mimic human cancers because the
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1with ZNF domain; CS5, complement C5; CCC, cholangiocellular carcinoma; CCNA2, cyclin A2; CCNBI, cyclin B1; CCNB2, cyclin B2; CCNDI, cyclin
D1; CCND2, cyclin D2; CD, clusters of differentiation; CDHI, cadherinl; CDHS, cadherin5; CDK1, cyclin dependent kinase 1; CEACAMS, CEA cell
adhesion molecule 5; CHC, combined hepatocellular—cholangiocarcinoma; CK19, cytokeratin 19; c-Myc, MYC proto-oncogene, bHLH transcription factor;
DAPI, 4,6-diamidino-2-phenylindole; EBNAI, Epstein-Barr nuclear antigen 1; EPCAM, epithelial cell adbesion molecule; ERBB2, erb-b2 receptor
tyrosine kinase 2; ERK1, extracellular signal-regulated kinase 1; ERK2, extracellular signal-regulated kinase 2; FGF13, fibroblast growth factor 13;
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reagents used in these models are never administered
to humans and there are biological differences between
humans and mice. Xenograft models are expected to
better reflect the features of the original human cancer.
Because of interpatient and intratumoral heterogene-
ity, elucidation of the general mechanism in all liver
cancers requires collection of a vast number of human
samples. Hence, xenograft models require an enormous
amount of time, cost, and labor. In genetically mod-
ified models, liver cancer is induced by transduction
of oncogenes and recapitulates the molecular biolog-
ical mechanisms. However, complete recapitulation of
mutations in human liver cancer is challenging because
human liver cancers carry multiple mutations. Thus,
conventional mouse models have certain limitations.
Although xenograft mouse models have the advantage
of using human cancer, they are not easily available for
the reasons mentioned above. Hence, more convenient
and cost-effective experimental models using human
cells are needed for research on human liver cancer.
Hepatocellular carcinoma (HCC) constitutes the
majority of liver cancers. Although the cell of origin in
liver cancers remains controversial, previous reports have
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demonstrated that hepatocytes and hepatic progenitor
cells (HepPCs) transform into cancer cells.®* Similarly,
immature hepatocytes are assumed to generate hepa-
toblastoma, the most frequent primary liver cancer in
childhood. Furthermore, cholangiocellular carcinoma
(CCC) has been reported to be derived from hepato-
cytes or HepPCs in experimental murine models.?
Taken together, these results suggest that HepPCs are
involved in the development of primary liver tumor.
We previously reported that a set of three tran-
scription factors, forkhead box A3 (FOXA3), hepato-
cyte nuclear factor homeobox 1A (HNF1A), and
HNEF6, can induce direct conversion of human umbil-
ical vein endothelial cells (HUVECs) into HepPCs.
These induced HepPCs (iHepPCs) can give rise to
both hepatocytes and cholangiocytes and reconstitute
damaged liver tissues.”) In this study, we attempted
to develop a novel liver cancer model using direct
reprogramming technology. Because cancer-related
genes, such as MYC proto-oncogene, bHLH tran-
scription factor (c-Myo)® and 53, improve the
reprogramming efficacy of induced pluripotent stem
cells (iPSCs), we expected that oncogenes would have

TEAD4, TEA domain transcription factor 4 TERT, telomerase reverse transcriptase; TGFBI, transforming growth factor beta 1; TGFBRI, transforming
Growth Factor Beta Receptor 1; TIAM1, TIAM RacI-associated guanine nucleotide exchange factor 1; TP53, tumor protein p53.
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the potential to cause the formation of cancers and
improve reprogramming efficacy. In fact, Sun et al.®
reported a liver cancer model using direct reprogram-
ming technology. To understand the mechanism of
cancer initiation, they established cancer organoids
by using a two-step induction method. The first step
involved the induction of expandable hepatocytes
by overexpression of FOXA3, HNF1A4, HNF44, and
SV40 large T antigen (SV40LT), which inactivates
tumor protein p53 (7P53) and RB transcriptional
corepressor 1 (RB), and the second step involved the
acquisition of cancerous properties by additional over-
expression of oncogenes, such as -MYC and Ras-like
protein (RAS). Cancer organoids could form liver
cancer in vivo. Although further studies are necessary
to assess whether these models mimic the process of
human liver carcinogenesis, these organoids may be
useful for the analysis of cancer initiation.

To facilitate the study of human liver cancers, we
aimed to establish a simple one-step method of gener-
ating a liver cancer model using human cells that was
advantageous in terms of reprogramming efficacy and
speed. To this end, we modified the iHepPC induc-
tion method. First, we used episomal vectors instead
of retroviral vectors. The vectors contained origin of
plasmid replication and Epstein-Barr nuclear antigen
1 (EBNAI) sequences derived from the Epstein-Barr
virus (EBV). These EBV-derived components enabled
the vectors to remain in the nuclei of the host cells for
a long time without genomic integration.” Viral vec-
tors, such as retroviral and lentiviral vectors, are widely
used in direct reprogramming. However, these vectors
integrate into the host genome and have a possibil-
ity of causing carcinogenesis by insertional mutagen-
esis. In fact, hepatitis B virus and adeno-associated
virus type 2 are associated with oncogenic insertional
mutagenesis in HCc. 1o Furthermore, a hemato-
poietic tumor arose following retrovirus vector-based
gene therapy as a consequence of insertional muta-
genesis.(lz) Therefore, we selected episomal vectors to
avoid unintentional carcinogenesis caused by inser-
tional mutagenesis. Second, we defined six genes for
the induction of liver cancer-forming cells (LCCs)
by screening candidate genes. Our defined gene set
directly induced the conversion of HUVECs into
cells with liver cancer properties. The induced cells
acquired gene expression patterns similar to those of
human liver cancer cell lines and formed liver can-
cer in vivo. Thus, these induced cells were designated
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“induced liver cancer-forming cells” (iLCCs). iLCCs
may contribute to the development of basic research
and therapeutic strategies for liver cancer.

Materials and Methods
MICE

Eight female and four male nonobese diabetic
(NOD)/severe combined immunodeficiency (SCID)/
gamma (NSG) (NOD.Cg—Prkdc“i”’IZng’m] "7/Sz]) mice
(3 weeks old; Charles River Laboratories) were used in
this study. Mice were housed in groups of two to four
per cage in a 12-hour light/dark cycle (08:00am-8:00pm
light; 8:00pm-08:00aM dark), with controlled room tem-
perature (22°C + 4°C) and relative humidity (60%). The
experiments were approved by the Kyushu University
Animal Experiment Committee. All animals received
humane care, and studies using animals were performed
in accordance with the institutional guidelines.

GENERATION OF ILCCS WITH
EPISOMAL VECTORS

HUVECs (PromoCell, Cat. No. C-12203) supplied
from pooled donors (from up to four different umbil-
ical cords) were purchased and cultured in HUVEC
medium (1:1 mixture of Medium 200 [Thermo Fisher
Scientific], supplemented with low serum growth sup-
plement [Thermo Fisher Scientific], and FibroLife S2
Comp Kit [Kurabo]) with 1 uM A83-01 (Tocris), 5 pM
Y-27632 (Wako), and 3 pM CHIR99021 (Tocris) for
4 days at passage 2 after the thawing of cryopreserved
HUVECGs. Expression plasmid mixtures containing
1 pg of each expression plasmid and plasmid (p) CXWB-
EBNA1 were electroporated into 6 x 10° HUVECs with
the Neon Transfection System 100 pL Kit (Invitrogen)
according to the manufacturer’s instructions. The con-
ditions used were 1,450 V, 10 milliseconds, and three
pulses. After electroporation, the cells were plated in
type I collagen-coated six-well plates (Iwaki) and grown
in our hepato-medium composed of a 1:1 mixture of
Dulbecco’s modified Eagle’s medium and F-12 (Nacalai
Tesque), supplemented with 20% FibroLife S2 Comp
Kit, 4% fetal bovine serum, 1 pg/mL insulin (Wako),
10”7 M dexamethasone (Sigma-Aldrich), 10 mM nico-
tinamide (Sigma-Aldrich), 2 mM L-glutamine (Nacalai
Tesque), 50 pM B-mercaptoethanol (Nacalai Tesque),
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FIG. 1. Screening for optimized factors to generate iLCCs from HUVECs. (A) qPCR analyses were performed on total RNA obtained
from hepatocytes, HepG2 cells, mock-electroporated HUVECs, and 10MIX-induced cells. All data were normalized to the values from
HepG2 cells, and the fold differences are shown. Data represent the mean + SD; n = 3 independent experiments. (B) qPCR analyses were
performed to examine the effect of changing the plasmid ratio (left; normalized with the values for 10MIX) and removing individual
factors from the 10MIX pool (right; normalized with the values for optimized 10MIX). Fold differences are shown. Data represent
the mean + SD; n = 3 independent experiments. (C) Co-immunofluorescent staining of ALB and CDH1 was performed in mock-
electroporated-, 10MIX-induced-, and optimized 6MIX-induced HUVECs. Representative fluorescence images and morphologies are
shown. DNA was stained with DAPI. Scale bars, 50 pm. (D) qPCR analyses were performed on total RNA obtained from mock-
electroporated-, 10MIX-induced-, and optimized 6MIX-induced HUVECs. All data were normalized to the values for HUVECs
induced with 10MIX, and the fold differences are shown. Data represent the mean + SD; n = 3 independent experiments. Statistical
significance was analyzed using one-way analysis of variance followed by Tukey-Kramer test.

1 pM A83-01 (Tocris), 5 pM Y-27632 (Wako), and
penicillin/streptomycin (Nacalai Tesque). At 40 days
postelectroporation, the cells were passaged (split ratio

1:5) biweekly.

DATA AVAILABILITY STATEMENT

All data sets were deposited in the Gene Expression
Omnibus (GEQO) database under accession numbers
GEO GSE168997 and GSE184539. Additional

methods are available in the Supporting Information.

Results

OPTIMIZATION OF THE ONE-
STEP INDUCTION METHOD

Candidate genes were selected for the induc-
tion of LCCs. Overexpression of lin-28 homolog B
(Lin28b) has been reported to 1nduce hepatoblastoma
and HCC in the mouse liver."¥ That study reported
high tumorigenesis efficacy of Lin286 (100% [9/9]).
Lin28b has also been reported to play an important
role in the maintenance of stem cell properties of
hepatoblasts. 1 Therefore, we chose LIN28B as the
key gene for the induction of LCCs. Although -MYC
is known to act as an oncogene, the tumorigenic effi-
ciency of c-Myc overexpression was reported to be 58%
(7/12)"% in contrast to the higher efficiency of Lin285
overexpression. Moreover, Lin28b up-regulates c-Myc
by inhibiting lethal-7 (/ez-7) maturation.’® Another
study reported that c-Myc induced Lin28b expres-
sion.1”) LIN28B and c-MYC may therefore comprise
a positive feedback loop. Thus, we employed LIN28B
but not -MYC. In addition, we decided to perform
Kruppel-like factor 5 (KLF5) overexpression, which
is positively correlated with HCC mahgnancy,(lg) nd

TP53 inhibition, which is associated with poor prog-
nosis in HCC."” Finally, our candidate gene pool
consisted of the following 10 factors: iHepPC induc-
tion genes (FOXA3, HNF1A, and HNF6), an iHepPC
promoting factor (L-MYC), other liver-associated
genes (HNF4A, HNFIB, and GATA binding pro-
tein 4 [GATA4]), KLF5, TP53 short hairpin RNA
(shRNA), and LIN28B. Furthermore, to increase the
reprogramming efficiency, we added EBNA1 with an
extra plasmid, pPCXWB-EBNA1, Wthh increased the
efficiency of iPSC reprogramming.’

HUVECs are commercially available and eas-
ily obtained with little difference among the batch,
which is a great advantage for replicating experiments
for establishing the optimal reprogramming method.
Moreover, HUVECs can be considered a good source
of cells in the induction of direct cell-lineage repro-
gramming because HUVECs stably achieved direct
induction of human hepatic and intestinal progenitor
cells in our previous studies. (20 Thus, we selected
HUVEC:s for the induction of LCCs. Episomal vec-
tors expressing each gene and shRNA were prepared,
and a mixture of all plasmids (referred to as 10MIX)
was used to electroporate HUVECs. At 30 days post-
electroporation with 10MIX, quantitative polymerase
chain reaction (qPCR) analyses revealed induction
of the expression of the hepatocyte/HepPC markers
albumin (A4LB), a-fetoprotein (AFP), and the epithe-
lial cell marker cadherinl (CDHI) (Fig. 1A). Next, to
increase the reprogramming efficiency, we evaluated
the stoichiometric effect because the stoichiometry of
episomal vectors 1nﬂuences the reprogramming effi-
ciency of iPSC induction.?" We used 3 pg of one fac-
tor and 1 pg of other factors for electroporation and
found that 3 times the amount of L-MYC or KLF5
increased the expression of hepatocyte and epithe-
lial cell marker genes (Fig. 1B). Furthermore, 3 times
the amount of KLF5 and L-MYC demonstrated an
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FIG. 2. Characterization of the induced cells. (A) Co-immunofluorescent staining of ALB with CK19, ALB with CDH1, AFP, and
HNF4A with SOX9 was conducted in the induced cells. Representative fluorescence images and morphologies are shown. DNA was
stained with DAPI. Scale bars, 50 pm. (B) Graphs show percentages of cells immunoreactive for each protein, and the graphs on the
right show the percentages of ALB+ cells in CDH1+ cells, AFP+ cells in ALB+ cells, CK19+ cells in ALB+ cells, and SOX9+ cells in
HNF4A+ cells, respectively. Data represent the mean + SD; n = 3 independent experiments. (C) Immunofluorescent staining of CD31
was performed in HUVEC: at passage 4 and the induced cells at passage 4. DNA was stained with DAPI. Scale bars, 100 pm. (D) Upper
images show the morphologies of organoids formed from iHepPCs and the induced cells. Lower images show the H&E-stained sections
of these organoids. Scale bars, 100 pm. (E) The dot plots show the nuclear-to-cytoplasmic ratio of each cell in the organoids formed from
iHepPCs and three different induced cells. (F) The table shows the chromosome number and karyotype of cells in cultures of two different
induced cells. Abbreviations: chrb, chromosome break; chtb, chromatid break.

additive effect in contrast to no additive effect of other
factors (Supporting Fig. S1). Subsequently, we deter-
mined the essential factors by evaluating the expres-
sion of hepatocyte and epithelial cell marker genes.
Withdrawing individual factors from the 10MIX indi-
cated that INF6, TP53 shRNA, GATA4, and HNF4A
were not essential for the reprogramming (Fig. 1B).
Finally, we determined 1 pg of FOXA3, HNF14,
HNFI1B, and LIN28B and 3 pg of L-MYC and KLF5
to be the optimized 6MIX. Nine days after electropo-
ration of the optimized 6MIX, epithelial-like cell col-
onies emerged and the cells expressed hepatocyte and
epithelial cell marker genes. The conversion efficiency
was 0.138% as determined by counting the number of
colonies (Supporting Fig. S2). We observed a larger
number of ALB+ epithelial cells at 30 days postelec-
troporation with optimized 6MIX compared to that
with 10MIX (Fig. 1C). gPCR analyses also revealed
that the expression levels of hepatocyte and epithelial
cell marker genes were significantly up-regulated in

the optimized 6MIX-induced cells (Fig. 1D).

CHARACTERIZATION OF CELLS
INDUCED WITH OPTIMIZED 6MIX

Immunofluorescence analyses revealed that the
cells induced with optimized 6MIX expressed the
hepatocyte-associated nuclear transcription factor
HNF4A (87.7% = 2.7%, n = 3), immature hepatocyte
marker AFP (86.8% + 1.3%, n = 3), and cholangio-
cyte markers cytokeratin 19 (CK19) (82.5% =+ 1.9%,
n = 3) and SRY-box transcription factor 9 (SOX9)
(68.9% + 2.6%, n = 3), in addition to ALB
(90.8% + 2.0%, n = 3) and CDH1 (97.2% + 0.7%,
n = 3) (Fig. 2A). Moreover, 76.0% * 1.9% of CDH1+
cells expressed ALB, and 89.5% =+ 2.6% of ALB+
cells expressed AFP, suggesting that the induced cells

had immature hepatocyte properties. Furthermore,

82.0% + 2.5% of ALB+ cells expressed CK19, and
71.4% + 3.8% of HNF4A+ cells expressed SOX9 (Fig.
2B). Most of the induced cells expressed both hepato-
cyte and cholangiocyte markers. Thus, the induced
cells were found to attain an undifferentiated state
with hepatocyte and cholangiocyte properties.

In culture of the induced cells, any clusters of dif-
ferentiation (CD)31-positive vascular endothelial cells
were not observed (Fig 2C), suggesting that proliferat-
ing reprogrammed cells outcompeted unreprogrammed
HUVEC:s. Furthermore, to test the cancerous properties
of the induced cells iz vitro, we performed a soft-agar
colony formation assay, an organoid-forming assay, and
karyotype analysis for induced cells. The induced cells
did not show anchorage-independent growth ability
in a soft-agar colony formation assay (Supporting Fig.
S3). However, under three-dimensional culture con-
ditions, induced cells formed morphologically abnor-
mal organoids with an increased nucleus-to-cytoplasm
ratio and enlarged pleomorphic nuclei compared with
those formed from iHepPCs generated in our previous
study (Fig. 2D,E).®) Also, karyotype analysis showed
that some cells contained in cultures of induced cells
showed chromosomal instability (Fig. 2F; Supporting
Fig. S4). These characteristics of the induced cells
implied their cancerous phenotype in culture.

EVALUATION OF GENOMIC
INSERTION AND EXPANSION IN
LONG-TERM CULTURE

Next, we evaluated the genomic insertion of the
episomal vectors by Southern blotting. In the induced
cells, only a single band that was also detected in
the episomal vector mix was detectable in contrast
to multiple bands in HUVECs that contain random
genomic insertions by EBNAI-expressing retrovirus
vectors. These results showed that the vectors were
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retained in the episome, and genomic insertions were
not detectable (Fig. 3A). Moreover, the induced cells
were maintained in long-term culture with prolifera-
tion and expression of ALB, CDH1, AFP, and CK19
(Fig. 3B,C). Taken together, the induced cells could be
considered as undifferentiated cells with hepatocyte
and cholangiocyte properties and proliferate during
long-term cultures without genomic integration.

GENE EXPRESSION PROFILE OF
THE INDUCED CELLS

To assess the similarities between our induced
cells and cancer cells, we investigated the global gene
expression profile of our induced cells and that of
human liver cancer cell lines, including HepG2 cells,
Huh6 cells, Huh7 cells, and HuCCT1 cells, using
a 3’ untranslated region sequencing (seq) method.
Principal component analysis revealed that the
expression signatures of the induced cells were simi-
lar to those of human cancer cell lines, indicating the
malignant potential of the induced cells (Fig. 4A).
To investigate the up-regulated genes in the induced
cells, we extracted the commonly up-regulated genes
in the induced cells and two cancer cell lines (hepato-
cyte lineage cancer cell line, HepG2; and/or cholan-
giocyte lineage cancer cell line, HuCCT1) compared
to HUVECGs. In the induced cells and HepG2 cells,
the common up-regulated genes comprised genes
related to protein synthesis, such as ALB and com-
plement C5 (C5), and also genes, such as fibroblast
growth factor receptor 3 (FGFR3) and erb-b2 recep-
tor tyrosine kinase 2 (ERBB2), related to liver can-
cer malignancy(22’23) Furthermore, the induced cells
and both cancer cell lines commonly up-regulated
the HCC-specific marker genes AFP and glypican
3 (GPC3),*? immature marker genes epithelial cell
adhesion molecule (EPCAM) and SOX9 that are
expressed in HCC and CCC,* and genes asso-
ciated with epidermal growth factor (EGF) and FGF
signaling that are activated in HCC and CCC.®*3?
The up-regulated genes common to the induced cells
and HuCCT1 cells consisted of FGFR2 (mutated in
CCC®), TIAM Racl-associated guanine nucleo-
tide exchange factor 1 (7L4MI; associated with poor
prognosis in HCC®®), and p21 (RAC1) activated
kinase 1 (PAK1; associated with HCC metastasis(34))
(Fig. 4B). Gene ontology (GO) analyses of these gene

clusters revealed that the up-regulated genes common
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to the induced cells and HepG2 cells were signifi-
cantly enriched in genes related to hepatic functions
associated with the GO terms “cholesterol metabo-
lism” and “glucogenesis.” In addition, GO terms asso-
ciated with proliferation and carcinogenesis, such as
“positive regulation of cell growth” and “positive regu-
lation of extracellular signal-regulated kinase (ERK1)
and ERK2 cascade” were statistically significant (Fig.
4C). Similarly, in the genes commonly up-regulated in
the induced cells and both cancer cell lines, the GO
terms “canonical Wnt signaling pathway,” “regulation
of cell cycle process,” and “cellular response to epider-
mal growth factor stimulus” were statistically signifi-
cant (Fig. 4C). The gene cluster up-regulated in the
induced cells and HuCCT1 cells were enriched in
genes associated with the GO terms “positive regula-
tion of cell division,” “activation of mitogen-activated
protein kinase kinase (MAPKK) activity,” “regulation
of ERK1 and ERK2 cascade,” and “positive regulation
of cell proliferation” (Fig. 4C). Taken together, these
results demonstrated that genes associated with car-
cinogenesis and proliferation were up-regulated in the
induced cells, as in human cancer cell lines.

Next, we sought to compare the induced cells
with clinical liver cancer tissues. To this end, we per-
formed gene set enrichment analysis using gene sets
up-regulated in clinical liver cancer® and in normal
liver tissues.*® The data showed that the genes up-
regulated in HCC compared to normal liver samples
were highly enriched in the induced cells, similar to
HepG2 cells. Conversely, liver-specific genes were
enriched in hepatocytes compared to the induced
and HepG2 cells (Fig. 4D). The results indicated
that the induced cells acquired gene expression pat-
terns characteristic of clinical liver cancers and con-
comitantly lost hepatic functions like HepG2 cells.
Simultaneously, GO analyses of down-regulated genes
in the induced cells compared to HUVECs showed
that the terms “angiogenesis,” “sprouting angiogene-
sis,” “positive regulation of endothelial cell migration,”
“positive regulation of endothelial cell proliferation,”
and “vasculogenesis” were statistically significant
(Supporting Fig. S5A). In addition, the endothe-
lial cell marker genes platelet/endothelial cell adhe-
sion molecule 1 (PECAMI; well known as CD31),
CDH5 (well known as VE-cadherin), and nitric oxide
synthase 3 (IVOS3; well known as endothelial nitric
oxide synthase [eNOS]) were down-regulated in the
induced cells (Supporting Fig. S5B). These results
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FIG. 3. Evaluation of genomic insertion and expansion in long-term culture. (A) Genomic Southern blotting of HUVECs, three different
induced cells, and HUVECs infected with retroEBNA1 using an EBNA1 probe. (B) Growth curves of three different induced cells
in three independent experiments. Cells were passaged every 14 days in wells of six-well plates (split ratio 1:5). (C) gPCR analyses
were performed with total RNA obtained from the induced cells at the indicated passage numbers. All data were normalized with the
values for induced cells at passage 1, and the fold differences are shown. Data represent the mean + SD; n = 3 independent experiments.
Abbreviation: retroEBNA1, retrovirus expressing EBNA1.
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FIG. 4. Global gene expression profiles and functional properties of induced cells. (A) Principal component analysis was performed using 3’
untranslated region sequencing (CEL-seq2) data on HUVECs, human primary hepatocytes, induced cells, HepG2 cells, Huh6 cells, Huh7
cells, and HuCCT1 cells. (B) Heatmap image from CEL-seq2 data showing the differentially expressed genes in HUVECs, induced cells,
HepG2 cells, and HuCCT1 cells. (C) Venn diagram showing the degree of overlap of genes up-regulated more than 8-fold in the induced
cells, HepG2 cells, and HuCCT1 cells compared to HUVECs. DAVID was used to identify significantly enriched GO terms from the list of
genes contained in each of the three groups of the Venn diagram. Similar GO terms were clustered semantically using REVIGO, and the data
are shown as scatter plots. The color and size of circles indicate the log,, P value and frequency of the GO terms, respectively. (D) GSEA of
CEL-seq2 data for induced cells, hepatocytes, and HepG2 cells was performed using gene sets for up-regulated in HCC compared to normal
liver samples (gene set name, ACEVEDO_LIVER_CANCER_UP) and liver-specific genes (gene set name, HSAIO_LIVER_SPECIFIC_
GENES). Abbreviations: C4B, complement C4B (Chido blood group); CEL-seq2, cell expression by linear amplification and sequencing 2;
DAVID, database for annotation, visualization, and integrated discovery; EGFR, epidermal growth factor receptor; FGFR4, fibroblast growth
factor receptor 4; FOS, Fos proto-oncogene, AP-1 transcription factor subunit; GREB1, growth regulating estrogen receptor binding 1; GSEA,
gene set enrichment analysis; MAPKK, mitogen-activated protein kinase kinase; NES, normalized enrichment score; NF1, neurofibromin 1;
PC, principal component; PRKCA, protein kinase C alpha; PROX1, prospero homeobox 1; REVIGO, reduce and visualize gene ontology;
S100P, S100 calcium binding protein P; TEAD3, TEA domain transcription factor 3; VEGFA, vascular endothelial growth factor A.

demonstrated the loss of endothelial cell properties by
direct reprogramming. Taken together, transcriptome
analyses revealed that the induced cells were similar

to both HCC and CCC.

CARCINOGENESIS OF INDUCED
CELLS INVIVO

Finally, we assessed whether the induced cells
generated liver cancer in wvivo. To achieve efficient
engraftment of cell transplantation, we intraspleni-
cally injected the induced cells or HUVEC: into the
liver of retrorsine-treated NSG mice after 70% par-
tial hepatectomy as described.®) Notably, all induced
cells (in five independent experiments) formed liver
tumors 7z vive at 2 months after transplantation in
contrast to the absence of tumors in livers trans-
planted with HUVECs (Fig. 5A). Transplanted
induced cells formed tumors in the liver but not in
other organs, suggesting that tumor metastasis did not
occur in the recipient mice. Hematoxylin and eosin
(H&E) staining showed that the induced cells formed
multiple nodules in the remnant liver (Fig. 5B).
Immunohistochemical staining showed that the tumor
expressed human-specific a-1 antitrypsin (hAAT),
which confirmed that the tumors were derived from
the induced cells. Immunohistochemical staining of
serial sections revealed that hAAT-positive tumor
cells comprised Ki67-positive proliferating cells and
cleaved caspase 3-positive apoptotic cells (Fig. 5C).
Electron microscopic analysis showed anisonucleosis,
pleiomorphic nuclei, increased nuclear-to-cytoplasmic
ratio, and decreased cytoplasmic organelles in the
induced cell-derived tumors. The tumor cell nuclei
were irregular in shape with euchromatin, which is

characteristic of human cancer cells. Bile canaliculi-
like structures formed in HCC®” were also observed
in tumors derived from the induced cells (Fig. 5D).
These microscopic and electron microscopic find-
ings were consistent with the features of human liver
cancer. Furthermore, the tumors expressed HCC and
CCC marker genes and formed several histologic
patterns in the same nodule (Fig. 5SE,F). The com-
pact type of HCC structure formed by the trabecu-
lae growing, compressing the sinusoids, and forming
sheets of tumor cells was seen in a compartment of a
tumor nodule. Another compartment was formed by
the HCC pseudoglandular-type-like structure, which
was characterized by gland-like spaces lined by tumor
cells. Notably, the tumors also contained a CCC-like
compartment with mucin production. These features
are characteristic of the intermediate-cell subtype of
human combined hepatocellular—cholangiocarcinoma
(CHC). In addition, F4/80-positive Kupffer cells/
macrophages and CD31-positive endothelial cells
infiltrated the tumors (Fig. 5G), suggesting that the
tumor microenvironment generated in the induced
cell-derived tumors is similar to that formed in human
liver cancer. Finally, we compared the induced cell-
derived tumors and human liver cancers transcriptom-
ically. To avoid inaccurate gene expression estimates
by the contamination of host mouse transcripts, we
used bamemp,®® an algorithm aiming to distinguish
between the human-derived and host mouse-derived
sequence reads. After data processing with bamemp,
we compared the global gene expression profile of
induced cell-derived tumors and that from published
data of HCC (GSE69164), CCC (GSE63420), and
normal liver tissues (GSE112221). This analysis

demonstrated that many genes associated with liver
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FIG. 5. Induced cells formed liver tumors iz vivo. (A) Representative gross pathology of an HUVEC-transplanted liver and an induced
cell-transplanted liver. Scale bars, 10 mm. Table on the right shows the percentage of tumors. The numbers in parentheses denote the
number of experiments. (B) Low-magnification image of an H&E-stained section obtained from an induced cell-transplanted liver. Scale
bar, 2 mm. (C) Immunohistochemical staining of hAAT, Ki67, and cleaved caspase 3 in a liver tumor derived from induced cells. Scale
bars, 100 pm. (D) Representative ultrastructural images of liver tumors derived from induced cells. Scale bars, 2 pm. (E,F) Representative
images of H&E-stained liver tumor, HCC (pseudoglandular)-like area, HCC (compact)-like area, and CCC-like area (right). Co-
immunofluorescent staining of ALB with EPCAM and that of AFP with CK19 in each area. Alcian blue staining was also conducted for
each area. DNA was stained with DAPI. Scale bars, 100 pm. (G) Immunofluorescent staining of F4/80 (upper panel) and CD31 (lower
panel) in liver tumors derived from induced cells. DNA was stained with DAPI. Scale bars, 100 pm. (H) Heatmap image from RNA
sequencing data shows the differentially expressed genes in induced cell-derived tumors, HCC, and CCC compared to those in normal
liver tissue. The tissue sections displayed in Fig. 5 were obtained from a representative recipient mouse, and other recipient mice showed
similar histologic characteristics. Abbreviations: FOXM1, forkhead box M1; MAPK?7, mitogen-activated protein kinase 7; PDGFA,
platelet derived growth factor subunit A.

cancer were commonly up-regulated in the induced
cell-derived tumors and human liver cancers (Fig. 5H).
Similar to the induced cells in vitro, the HCC-specific
gene AFP, the immature cell marker genes EPCAM
and SOXY, and FGF13 associated with FGF signaling
were up-regulated in the induced cell-derived tumors.
Moreover, telomerase reverse transcriptase (7ERT),
which has a promoter that is frequently mutated in
HCCY), cell cycle-related genes (cyclin A2 [CCNA2],
CCNB1, CCNB2, cyclin dependent kinase 1 [CDK1],
and proliferating cell nuclear antigen [PCNA]); TEA
domain transcription factor 2 [TEAD2] and TEAD4
involved in the Hippo pathway, which is related to
liver carcinogenesis ’; transforming growth factor
beta 1 (TGFB1) and TGFBRI1, which are activated
in HCC proliferation subclass®; notch receptor 3
(NOTCH3), which is associated with NOTCH sig-
naling involved in liver carcinogenesis”; and the
CCC marker %ene CEA cell adhesion molecule 5
(CEACAMS)®? were up-regulated in the induced
cell-derived tumors. Taken together, the induced cell-
derived tumors transcriptomically resembled human
liver cancer. In conclusion, we succeeded in generating
iLCCs capable of developing into human liver cancer-
like tumors in vivo.

Discussion

In this study, using nonintegrative episomal vectors,
we generated HUVEC-derived iLCCs that exhib-
ited properties of human clinical liver cancers in vitro
and in vivo. To incorporate malignant capacity, we
selected the oncogene, LIN28B. LIN28B up-regulates
let-7 targeted genes by inhibiting /ez-7 maturation.
Let-7 targets several oncogenes, such as RAS, MYC,

high mobility group AT-hook 2 (HMGA2), and PR
domain containing 1, with ZNF domain (BLIMPI),
and cell cycle-associated genes, such as CCNDI and
CCND2. In fact, LIN28A/B expression and /lez-7 loss
have been reported to correlate with poor prognosis
in several cancers.*”’ Furthermore, genetically mod-
ified mouse models with overexpression of Lin28a/b
alone resulted in liver cancer,(l3) intestinal cancer,(41’42)
Wilms tumor,(43) peripheral T-cell lymphorna,(44) and
neuroblastoma.*” These reports indicated that the
robust oncogenic capacity of LIN28B was associ-
ated with cancer initiation and progression in several
cancers. In human liver cancer as well, LIN28B has
been associated with poor prognosis™*® and is likely
related to initiation and progression. LIN28B may
also play a key role in hepatic lineage commitment
during development. Our previous report demon-
strated that Lin28b is specifically expressed in mouse
hepatoblasts and maintains their stem cell properties
during development.(m Our present data showed that
LIN28B withdrawal decreased the expression of ALB
and CDHI in our candidate gene-screening experi-
ment. Thus, LIN28B could be considered a key factor
not only in the acquisition of cancerous properties but
also in the induction of immature hepatic phenotype.

Recent integrative analyses have demonstrated that
clinical liver cancer accumulates multiple oncogenic
mutations.”) Recapitulation of these driver mutations
is a promising approach to generate liver cancer mod-
els. However, complete recapitulation is practically
challenging because clinical liver cancers accumulate
several mutations simultaneously and because inter-
patient, intertumoral, and intratumoral heterogene-
ities exist. In this study, we attempted to influence the
expression of several driver genes by overexpression
of LIN28B instead of recapitulating driver mutations.
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This strategy, involving modification of factors that
have regulatory capacities of oncogenes, is a novel
and promising approach for research on cancer initi-
ation, progression, and therapy. Moreover, in contrast
to the two-step reprogramming method for cancer
organoids,® we developed a simple one-step method
for generating human liver cancer cells. This simple
method may have advantages in cost, time, and repro-
ducibility. Especially, a high reproducibility of tumor
formation by transplanted induced cells may be favor-
able for cancer research.

Under three-dimensional conditions,
iLCCs formed organoids that have cancerous prop-
erties, such as increased nucleus-to-cytoplasm ratio
and enlarged pleomorphic nuclei. However, iLCCs
did not show anchorage-independent growth ability
in a soft-agar colony formation assay. Although the
anchorage-independent growth correlates with tum-
origenicity of cancer cell lines, it was reported that
not all primary cancer cells showed the anchorage-
independent growth.(m Thus, it is suggested that the
lack of anchorage-independent growth potential in
iLCCs does not remove the possibility of cancerous
characteristics and that iLCCs have a low grade of
malignancy in culture. Furthermore, a part of iLCCs
showed chromosomal instability in culture, which is
often observed in liver cancers.”) These findings raise
the possibility that iLCCs in vifro reach the state of
cancer cells and be applicable to in wvitro analysis for
cancer research. In future studies, we should inves-
tigate the availability of iLCCs in wifro for cancer
research, such as drug screening.

Histologically, the iLCC-derived tumors closely
resembled those of human CHCs. This is in contrast
with HCC- or hepatoblastoma-like tumors that were
previously reported in Lin28b-overexpressing mouse
liver.™® In other genetically modified models, CHC-
like tumors have been reported.”) Tumor phenotypes
may depend on the differentiation stage of the initial
cells. iLCCs are possibly more immature and malig-
nant than /in28b-overexpressing hepatocytes. As KLF5
has been reported to be associated with cancer stem
“) it may play an important role in the formation
of a CHC-like phenotype through an immature state.

In clinical settings, HCC and CCC are treated
as independent diseases and the therapeutic strate-
gies differ vastly. However, a recent integrative anal-

ysis showed that the HCC subtype that exhibited

culture

cells,(
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CCC-like gene expression patterns was more aggres-
sive and associated with poor prognosis.(49) CCC-like
HCCs have also been reported to express stem cell-
like traits. Similarly, the aggressive subtype in CCC
displayed gene expression patterns similar to those of
an aggressive subtype of HCC.®? These reports indi-
cate that the overlap between HCC and CCC is asso-
ciated with aggressive subtypes, poor prognosis, and
stem cell features. These aggressive subtypes of HCC/
CCC and CHC may be derived from a common
precursor with stem cell features, and the similarities
between these tumors may be greater than previously
known. Our data suggest that the iLCCs mimic liver
cancer with stem cell-like features and may thus con-
tribute to future research, especially on aggressive sub-
types of liver cancers.

Recently, molecular-targeted drugs have been
used in the clinical treatment of HCC. However, no
standard therapy using molecular-targeted drugs has
been established for CCC and CHC. As CHC is a
rare cancer, there is no standard treatment for CHC.
iLCCs may facilitate drug development and thera-
peutic strategies for liver cancer with stem cell fea-
tures. In fact, multikinase inhibitors, such as sorafenib,
lenvatinib, and regorafenib, have been used for HCC
treatment, and FGFR, one of the targets of these mul-
tikinase inhibitors, was up-regulated in iLCCs.

It remains unclear whether other cell types can
be reprogrammed to iLCCs. In our future studies,
we should examine whether we can use the one-
step iLCC induction method for cells obtained from
patients with cancer. Human peripheral blood-derived
endothelial cells (HPBECs) may be a candidate source
of iLCCs because HPBECs resemble HUVECs and
achieved reprogramming to iHepPCs.®) Also, we
expect that iLCCs can be generated from human
peripheral blood mononuclear cells, which may be
more suitable for clinical applications.

Taken together, the iLCCs generated using our
method may provide a novel tool for basic science
research and potential therapies for aggressive liver
cancer with stem cell features.
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