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Abstract

A long-term hepatocyte culture maintaining liver-specific functions is very essential for both basic
research and the development of bioartificial liver devices in clinical application. However,
primary hepatocytes rapidly lose their proliferation and hepatic functions over a few days in
culture. This work is to establish an ornithine transcarbamylase deficiency (OTCD) patient-derived
primary human hepatocyte (OTCD-PHH) culture with hepatic functions for providing an in vitro
cell model. Liver tissue from an infant with OTCD was dispersed into single cells. The cells were
cultured using conditional reprogramming. To characterize the cells, we assessed activities and
mMRNA expression of CYP3A4, 1A1, 2C9, as well as albumin and urea secretion. We found that
the OTCD-PHH can be subpassaged for more than 15 passages. The cells do not express mRNA of
fibroblast-specific maker, whereas they highly express markers of epithelial cells and hepatocytes.
In addition, the OTCD-PHH retain native CYP3A4, 1A1, 2C9 activities and albumin secretion
function at early passages. The OTCD-PHH at passages 2, 6, 9 and 13 have identical DNA
fingerprint as the original tissue. Furthermore, under 3D culture environment, low urea production
and hepatocyte marker staining of the OTCD-PHH were detected. The established OTCD-PHH
maintain liver-specific functions at early passages and can be long-term cultured /n vitro. We
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believe the established long-term OTCD-PHH culture is highly relevant to study liver diseases,
particularly in infants with OTCD.

primary human hepatocyte (PHH); long-term culture; CYP450 activity; ornithine
transcarbamylase deficiency (OTCD)

Introduction

Liver is a vital organ in humans with various functions in metabolism, protein synthesis,
detoxification and bile acid production. Urea cycle, which converts highly toxic ammonia to
urea for excretion, is a key metabolic event that is primarily taken place in liver. Ornithine
transcarbamylase deficiency (OTCD) is the most common urea cycle disorder caused by
complete or partial loss of the ornithine transcarbamylase (OTC) enzymatic activity in liver,
which is due to genetic mutations in the OTC gene in patients. However, to our knowledge,
there is no cell model to study this disease. The challenges in culturing primary human
hepatocyte (PHH) include rapid loss of morphology and liver specific functions, becoming
fibroblast-like and weak proliferation ability.l: 2 Several diverse medium formulations have
been used to culture PHH, such as modified DMEM,3: 4 modified MCM,2 > Williams’ E
medium 3 and hepatocyte medium 6. Besides, 3D technique has been used to culture PHH.
7.8 The conditional reprogramming cell technology uses the combination of irradiated
mouse fibroblast J2 cells (feeder cells) and the Rho-associated kinase inhibitor (Y-27632) to
propagate human epithelial cells.® It has been used to establish patient-derived cells from
diverse human biospecimens, such as breast, skin, prostate and colon, with an indefinite
proliferative state without the use of exogenous viral or genetic manipulation.® Y-27632 is
able to increase the viability of human bone marrow-derived mesenchymal stem cells1 and
human keratinocyte stem cells!! and induce indefinite cell proliferation.12: 13

Our previous study showed that conditional reprogramming enables long-term in vitro
cultivation of primary human hepatocytes, especially when they are derived from young
patients.14 In the present study, we established long-term cultured PHH derived from a 4-
month-old male patient who had OTCD. We cultured the OTCD patient-derived primary
human hepatocyte (OTCD-PHH) for more than 120 days (15 passages) using conditional
programming (F medium combined with conditional medium in the presence of Y-27632).
Most importantly, we detected that the cells at early passages retain cytochrome P450
enzyme functions and albumin secretion activity. In addition, they express mRNA of CYP
family and albumin. Through short tandem repeat (STR) analysis of the cells at passages 2,
6, 9 and 13, we verified that the cells have the same DNA fingerprint as the original tissue.
Furthermore, we detected urea production and hepatocyte marker staining of cells in 3D
culture environment.
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Materials and Methods

In vitro culture of a patient-derived primary hepatocyte

Fresh liver tissue was obtained upon liver transplant of a 4-month-old male patient who had
ornithine transcarbamylase deficiency. The experimental protocol used in this study was
approved by the Georgetown University Institutional Review Board (IRB). As the tissue was
considered a bio-waste, the requirement for informed consent was waived by the IRB. 2cm x
2cm x 1cm liver tissue was dispersed into single cells by enzymatic digestion. Cells were
cultured in F medium combined with conditioned medium (CM) in the presence of 10uM
Y-27632 with a ratio of 1:3. CM is the medium conditioned by irradiated 3T3-J2 cells.?
Cells were grown in a 37°C incubator with 5% CO,. Medium was changed every other day
or every three days. Cells were passaged when 80-90% confluence was reached. The cell
concentration and viability were obtained by incubation with trypan blue and then counted
by cell counter. HepG2 was obtained from Tissue Culture and Biobanking Shared Resource,
Georgetown University. 3T3-J2 and human fibroblast cells were provided by the Center for
Cell Reprogramming at Georgetown University.

Short tandem repeat analysis

Genomic DNA was isolated from cells at different passages using DNeasy Blood & Tissue
kit (QIAGEN, Hilden, Germany). Short tandem repeat (STR) analysis was performed by
Genetica DNA Laboratories (Burlington, USA). We tested 15 STR markers: THO01, D21S11,
D18S51, Penta E, D5S818, D13S317, D7S820, D16S539, CSF1PO, Penta D, VWA,
D8S1179, TPOX, FGA and Amelogenin. Data analysis and allele size determination were
carried out using GeneMapper software.

Cytochromes P450 activity measurement

For characterization of the cells, we performed cytochromes P450 (CYP450) 3A4, 1Al and
2C9 assays following the protocol of the assay kits (Promega, Fitchburg, USA) when we
passaged the cells. Briefly, 20,000 cells were seeded into 96-well plates. On the following
day, we replaced culture medium with 50 L fresh medium containing corresponding
luminogenic CYP substrate and incubated cells at 37°C for 1h (for CYP3A4) or 3h (for both
CYP1Al and CYP2C9 ). After incubation, we transferred 25uL of culture medium from
each well into a 96-well opaque white luminometer plate, and added 25uL of luciferin
detection reagent to initiate a luminescent reaction. After the plate was incubated at room
temperature for 20 minutes, luminescence was read using a luminometer (Wallac Victor
1420, Perklin Elmer, Waltham, USA). After luminescence assay, 25uL of medium remained
in the wells into which an equal volume (25pL) of the CellTiter-GloR reagent was added to
determine cell viability. The contents were mixed for two minutes on an orbital shaker to
induce cell lysis. The plate was then incubated at room temperature for 10 minutes to
stabilize luminescent signal. We removed 40uL cell lysate from each well to a 96-well
opaque white luminometer plate to record luminescence for cell viability. We used HepG2
and human fibroblast cells as a positive control and negative control, respectively.

Exp Cell Res. Author manuscript; available in PMC 2020 November 01.
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Albumin secretion assay

Cells were cultured into 96 well plates with a density of 50 000 cells per well with 200 uL F-
Y medium for 2, 4, 6 or 24 hours. The culture media was collected and centrifuged at 1000g
for 10 minutes at 4°C to remove debris. The collected supernatant was stored at —80°C. We
used albumin human ELISA kit (abcam, Cambridge, United Kingdom) to detect human
albumin secretion of OTCD-PHH at passage 2, 4 and 5. Following the protocol, 50 pL
albumin standard with a series of dilution or samples were added in each well of albumin
microplate and incubate for 1 hour. The incubation wells were washed using wash buffer.
Afterwards, 50 pL of biotinylated albumin antibody was added into each well and incubated
for 30 minutes. Each well was washed. 50 pL SP conjugated was added into each well and
incubated for 30 minutes. The microplate was washed. 50 UL of chromogen substrate was
added into each well and incubated for 25 minutes when the optimal blue color density
formed. We added 50 L of stop solution into each well. The absorbance of each well was
recorded on a microplate reader at 450 nm immediately. The concentration of albumin
secretion was determined from the standard curve which is generated by standard albumin
samples. F-Y medium was used as blank.

Real-Time PCR

Total RNA was extracted using Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, USA)
and treated with DNase (Zymo Research, Irvine, USA) according to the manufacturers’
instructions. First-strand cDNA was synthesized with an equal amount of RNA using High
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, USA). Real
time PCR was performed in a QuantStudio 12K Flex system (Thermo Fisher, Waltham,
USA) using Applied Biosystems™ Power SYBR™ Green PCR Master Mix (Applied
Biosystems, Foster City, USA). The relative quantities of mMRNA were analyzed using the
278AC method.15 Primer sequences are available upon request.

Three-dimensional culture

Single-cell suspension of hepatocytes was dispersed into Corning Matrigel basement
membrane matrix, phenol redfree, LDEV-free (New York, USA) and seeded into 6-well
plates with a density of 700 000 cells/well. 2mL phenol red-free F medium combined with
CM containing 10uM Y-27632 was added on the top of matrigel and medium was changed
every other day.

Urea secretion

Cells were cultured under 2D or 3D conditions in phenol red-free medium. Fresh medium
was changed every other day and the culture medium was stored in —80°C for the following
experiment. 50 uL culture medium was mixed with 75L reagent A and B in 96-well plates
following the protocol of urea nitrogen (BUN) colorimetric detection kit (Invitrogen,
Carlsbad, USA). The plate was incubated for 30min at room temperature and read the
absorbance at 450 nm (Wallac Victor 1420, Perklin EImer, Waltham, USA). The
concentration of urea in the culture medium was read from the standard curve which was
made by serial dilutions of urea nitrogen standard. Fresh medium was used as blank.

Exp Cell Res. Author manuscript; available in PMC 2020 November 01.
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Immunohistochemistry assay

Results

Cells were collected from 2D or 3D culture and washed with PBS three times. After the cells
were fixed with 10% formalin overnight at 4 °C, they were embedded, sliced and stained
with monoclonal mouse anti-human hepatocyte antibody (Agilent M715801-2, Santa Clara,
USA) at a dilution of 1:50 for 1 hour. Then, the slides were washed and incubated with
biotin-conjugated goat anti-mouse secondary antibody at a dilution of 1:200 for 30 minutes.
Bright field images were taken using Olympus BX61.

Successful establishment of long-term cultured OTCD-PHH

We found that the isolated OTCD-PHH possess highly proliferative ability and can be
passaged for more than 15 passages (at least 120 days and 50 population doublings) until the
experiment was terminated (Figure 2). Viability of cells is 60-95% at each passage and the
cell morphology of p5 is consistent with the early passage (Figure 1). STR analysis of the
cells at different passages confirmed genetic stability by comparing them to the original
tissue (Table 1).

OTCD-PHH culture is not fibroblast contaminated

Fibroblast over-growth is the most common phenomenon in long-term culture of primary
cells, including hepatocytes. To evaluate the presence of fibroblast, we compared the mRNA
expression of biomarkers of epithelial and fibroblast cells in OTCD-PHH culture at different
passages versus human fibroblast cells and HepG2. Epithelial-fibroblast transition is one
type of epithelial-mesenchymal transition (EMT). S100A4, a fibroblast-specific protein, is a
reliable marker to characterize the mesenchymal products caused by EMT that occur during
the formation of fibrosis in various organs. Cytokeratin are markers used to identify
epithelial cells to fibroblast in kidney, liver and lung. Keratin 8 and keratin18 are two kinds
of cytokeratin.16 In contrast to fibroblast cells in which s700a4is highly expressed, we
found that the OTCD-PHH did not express s100a4 mRNA at all passages we assessed.
Additionally, consistent with HepG2 cells, OTCD-PHH significantly expressed higher
MRNA level of krt18in all passages and krt8in early passages, whereas fibroblasts did not
(Figure 3). Importantly, the OTCD-PHH maintain high gene expression level of the liver-
specific albumin gene up to passage 7. These results clearly indicate that this PHH culture
does not undergo fibroblast over-growth in long-term /in vitro culture.

OTCD-PHH culture possesses cytochromes P450 enzymatic activities

Cytochromes P450 enzymes are responsible for the metabolism of xenobiotic and
endogenous compounds metabolism in liver. CYP3A4 and 2C9 are the most important
enzymes in liver and contribute to the metabolism of more than 50% of the drugs.1” They
are also involved in the metabolic activation of drug-induced toxicity.18 CYP1A1 is involved
in steroid hormones biosynthesis.1® To characterize the cells, we measured gene expression
and enzymatic activities of several CYP450 family members in the OTCD-PHH. The gene
expression analysis showed that the OTCD-PHH express significantly higher cyplal,
cyp3ad, cyp2ec8and cyp2c9at early passages than that in HepG2. However, the cyp2b66 and
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cyp2d6 mRNA expression between PHH, HepG2 and fibroblast did not exhibit differences
(Figure 4). Using cytochromes P450 assay, we found that up to passage 7, OTCD-PHH
exhibited stronger CYP3A4 activities compared to the positive control, HepG2. Besides, at
passage 3 and 7, PHH has higher CYP1A1 activities compared with HepG2. Moreover,
OTCD-PHH displayed higher CYP2C9 enzymatic activity at passage 3 compared with
HepG2 cells. (Figure 5). These observations suggest that the OTCD-PHH retain native
cytochromes P450 enzymes activities in early passages.

OTCD-PHH culture preserves albumin secretion functions at early passages

Albumin secretion activity is an important biomarker to characterize hepatocyte. We found
that although OTCD-PHH at passage 2 released lower amount of albumin compared to
HepG2 after 2, 4, and 6-hour incubation, their albumin production reached over 100 ng/mL,
which is higher than HepG2 after 24-hour incubation (Figure 6). The cells at passage 4 and 5
could produce 20 and 3 ng/mL, respectively, after 24-hour incubation (Figure 6). These
results suggest that OTCD-PHHSs have strong albumin secretion function at early passages
and gradually lose this activity over the incubation time.

OTCD-PHH culture secretes low urea under 3D differentiation culture

Urea secretion is one of the liver-specific functions. However, PHH from OTCD patients
partially or completely failed to generate urea depending on the severity of OTC enzyme
abnormality. It is well known that 2D cultures have more proliferation potential, compared
to 3D cultures which have more differentiation potential.2 Culturing hepatic cell lines in 3D
has been shown to change the gene expression, phenotype and cell surface receptor
expression toward more liver-like properties.2 To characterize urea secretion in the OTCD-
PHH, we measured the urea secretion of PHH in both 2D culture (F medium combined with
CM) and 3D culture conditions. As a result, urea production of PHH in 2D culture was not
detectable as expected. Then, we performed matrigel-based 3D culture for PHH at passage 4
and 8 for 22 days and measured urea secretion in the culture medium every other day.

Interestingly, under this culture condition, we found that PHH at passage 4 and 8 can secrete
urea once they are seeded with the highest urea secretion detected on the second day (Figure
7). We observed that the urea secretion of PHH (about 6 mg/dL in 22 days) is much lower
than HepG2 (35 mg/dL in 2 days under 2D culture condition, data not shown). We believe
this is due to ornithine transcarbamylase deficiency-induced urea cycle disorder.

OTCD-PHH culture expresses hepatocyte marker

Since OTCD-PHH failed to be stained with hepatocyte marker under 2D culture condition,
we used matrigel to culture OTCD-PHH to enhance the expression of hepatocyte marker.
Figure 8 shows that under 3D culture condition OTCD-PHH can be strongly stained with
hepatocyte marker, suggesting that 3D environment significantly induced the expression of
hepatocyte marker in OTCD-PHH.

Exp Cell Res. Author manuscript; available in PMC 2020 November 01.
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Discussion and conclusions

In this study, we successfully established long-term cultured PHH from an OTCD patient
using conditional programming, while maintaining proliferative capacity (Figure 2), genetic
stability (Table 1) and hepatocyte-specific functions (Figure 3, 4, 5, 6 and 8). For the first
time, we were able to exemplify the conditional reprogramming cell technology as a simple
yet efficient cultivation technique that can be potentially applied to establish /n vitro
hepatocyte models to study liver diseases. Most strikingly, under 2D-culture conditions, the
OTCD-PHH culture can be passaged for more than 120 days without obvious changes in
morphology and fibroblast over-growth, whereas most commercial primary hepatocyte
hardly survive several weeks.! We found that the OTCD-PHH gradually lost mRNA
expression and activity of CYP450 albumin secretion. Thus, the medium we used needs to
be improved to maintain the liver functions for longer time culture.

There are several potential applications of the established OTCD-PHH culture in liver
disease study. To our knowledge, this work provides the first /n vitro hepatic cell model for
studying OTCD. OTCD is X-linked genetic disorder characterized by complete or partial
loss of the enzymatic activity of ornithine transcarbamylase, which is critically involved in
urea cycle. Interestingly, we noticed that the cells secrete much less urea compared to
HepG2 cells. This suggests that our cells may maintain urea biosynthesis defects seen in
OTCD patients. Thus, these cells could be a valuable model to study the cell biology and
genetics of OTCD and screen drugs to treat OTCD. In addition, these cells are highly
suitable for toxicology study such as drug hepatotoxicity screening and metabolism
analyses, because high CYP450 activities are maintained in early passages (up to passage 7).
Furthermore, since most OTCD display mutation in the OTC gene only, these cells could be
a powerful source for partial liver transplantation or to create bioartificial liver support
systems which “bridge” patients with liver failure to transplantation or regeneration while
waiting for the available donors.20

In summary, we successfully established a functional PHH culture derived from an infant
with OTCD. The OTCD-PHH culture not only can be used to study liver diseases,
particularly OTCD in infants, but also has diverse potential clinical and pharmaceutical
applications.
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1.
2.
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Highlights
First primary human hepatocyte derived from OTCD patient.
Successful establishment of long-term culture of primary human hepatocyte.

Liver specific functions are preserved during long-term culture of the cells.
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P1

Figure 1.
The representative phase contrast images of OTCD-PHH at passages 1, 2, 4. Magnification,

10 x; bar, 400 pm.
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Figure 2.
OTCD-PHH were passaged for more than 15 passages (120 days). The cell number and

viability were recorded at each passage and a plot of population doublings versus time
(days) was constructed using Graphpad Prism 6.
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Figure 3.
MRNA expression of krt8, krt18, s100a4 and albuminin PHH at different passages, human

fibroblast cells (negative control) and HepG2 (positive control). The mRNA levels of
corresponding genes relative to gapdh (a house keeping gene) were determined by the
quantitative real-time PCR. The results were obtained from three replicate wells.
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Figure 4.
MRNA expression of cyplal, 3a4, 2b6, 2c8, 2c9and 2d6in PHH at different passages,

human fibroblast cells (negative control) and HepG2 (positive control). The mRNA levels of
corresponding genes relative to gapdh (a house keeping gene) were determined by the
quantitative real-time PCR. The results were obtained from three replicate wells.
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Figure 5.
CYP 3A4, 1A1 and 2C9 activities of OTCD-PHH. The assays were carried out following the

protocol of P450-Glo CYP3A4, 1Al and 2C9 assay kits. The enzymatic activities were
normalized to cell viability. HepG2 and human fibroblast cell were positive control and
negative control, respectively. The results were obtained from three replicate readings.
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Figure 6.
Albumin secretion of PHH after 2, 4, 6 or 24 hours incubation. Mean values of each standard

and sample were obtained from replicate wells. The standard curve was produced by plotting
the concentration of standard on the x-axis and the corresponding 450 nm absorbance on the
y-axis. The best-fit line was generated by regression analysis using four-parameter logistic
curve-fit. The albumin concentration of samples was calculated from the standard curve.
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Figure 7.
Urea secretion of OTCD-PHH at passage 4 and 8 in 2D or 3D culture. 700,000 cells were

seeded into 6-well plates which were dispersed into Matrigel. F medium combined with CM
containing 10uM Y-27632 was added on the top of matrigel and medium was collected
every other day and stored at —80°C for subsequence analysis of urea production. The
concentration of urea in the culture medium was read from the standard curve. The urea
secretion of cells was calculated by urea amount in culture medium subtracting urea amount
in fresh medium. The results were obtained from two repeats. The medium we used in this
experiment is phenol red-free.

Exp Cell Res. Author manuscript; available in PMC 2020 November 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Suetal.

Page 18

Non-liver tissue
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Figure 8.
Immunostaining of OTCD-PHH with hepatocyte marker antibody. Cells from 2D or 3D

culture were fixed with 10% formalin overnight at 4 °C. Afterward, the cells were
embedded, sliced and stained with monoclonal mouse anti-human hepatocyte antibody for
1h. Then, the slides were washed and incubated with biotin-conjugated goat anti-mouse
secondary antibody for 30 minute. Magnification, 40%; bar, 100 um.
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