Choi et al. Stem Cell Research & Therapy (2024) 15:229 Stem Ce” Research & Therapy
https://doi.org/10.1186/513287-024-03851-9

, : , : ®
Fasudil and viscosity of gelatin promote G

hepatic differentiation by regulating organelles
in human umbilical cord matrix-mesenchymal
stem cells
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Abstract

Background Human mesenchymal stem cells originating from umbilical cord matrix are a promising therapeutic

resource, and their differentiated cells are spotlighted as a tissue regeneration treatment. However, there are limita-
tions to the medical use of differentiated cells from human umbilical cord matrix-mesenchymal stem cells (hUCM-

MSCs), such as efficient differentiation methods.

Methods To effectively differentiate hUCM-MSCs into hepatocyte-like cells (HLCs), we used the ROCK inhibitor, fas-
udil, which is known to induce endoderm formation, and gelatin, which provides extracellular matrix to the differenti-
ated cells. To estimate a differentiation efficiency of early stage according to combination of gelatin and fasudil, tran-
scription analysis was conducted. Moreover, to demonstrate that organelle states affect differentiation, we performed
transcription, tomographic, and mitochondrial function analysis at each stage of hepatic differentiation. Finally, we
evaluated hepatocyte function based on the expression of MRNA and protein, secretion of albumin, and activity

of CYP3A4 in mature HLCs.

Results Fasudil induced endoderm-related genes (GATA4, SOX17, and FOXA2) in hUCM-MSCs, and it also induced
lipid droplets (LDs) inside the differentiated cells. However, the excessive induction of LDs caused by fasudil inhibited
mitochondrial function and prevented differentiation into hepatoblasts. To prevent the excessive LDs formation, we
used gelatin as a coating material. When hUCM-MSCs were induced into hepatoblasts with fasudil on high-viscosity
(1%) gelatin-coated dishes, hepatoblast-related genes (AFP and HNF4A) showed significant upregulation on high-
viscosity gelatin-coated dishes compared to those treated with low-viscosity (0.1%) gelatin. Moreover, other germline
cell fates, such as ectoderm and mesoderm, were repressed under these conditions. In addition, LDs abundance

was also reduced, whereas mitochondrial function was increased. On the other hand, unlike early stage of the dif-
ferentiation, low viscosity gelatin was more effective in generating mature HLCs. In this condition, the accumulation
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of organelle states.

of LDs was inhibited in the cells, and mitochondria were activated. Consequently, HLCs originated from hUCM-MSCs
were genetically and functionally more matured in low-viscosity gelatin.

Conclusions This study demonstrated an effective method for differentiating hUCM-MSCs into hepatic cells using
fasudil and gelatin of varying viscosities. Moreover, we suggest that efficient hepatic differentiation and the func-
tion of hepatic cells differentiated from hUCM-MSCs depend not only on genetic changes but also on the regulation

Keywords Human umbilical cord matrix-mesenchymal stem cells, Gelatin viscosity, ROCK inhibitor, Fasudil, Hepatic
differentiation, Mitochondria activation, Lipid droplet, Stem cell organelles

Background

Mesenchymal stem cells (MSCs) originate from human
fetal and adult tissues, such as bone marrow, umbili-
cal cord matrix, placenta, and various adult tissues [1].
Specifically, two fetus-originated tissues, umbilical cord
matrix and placenta, are excellent sources of human
MSCs because of their prominent advantages, such as a
painless collection procedure, faster self-renewal and the
ability of differentiation into three germ layers [2]. Thus,
recently, human umbilical cord matrix-derived MSCs
(hUCM-MSCs) and their differentiated cells have been
used for tissue regeneration in therapeutic medicine to
treat various diseases [3].

The liver, essential for drug detoxification and biosyn-
thesis of proteins and hormones, cannot be easily sub-
stituted by other organs. Consequently, many patients
remain on transplant waiting lists, as healthy liver cells
are the sole replacement for irreversibly damaged hepatic
cells [4, 5]. Therefore, advanced stem cell technologies
can provide great hope for patients facing end-stage dis-
eases with no alternative but organ transplantation [6].
However, there are restrictions on the medical use of
differentiated cells from stem cells in therapies. One of
the biggest obstacles to the use of these cells is the effi-
ciency of differentiation protocols and the limited phe-
notypes of mature cells [7]. For example, hepatocyte-like
cells derived from human MSCs using current protocols
exhibit characteristics more similar to fetal hepatocytes
than the adult cells in terms of transcriptome profiles,
hepatic functions, and metabolic activities [8]. Thus,
numerous differentiation methods have been developed,
including approaches using genetic modifications, micro-
environment adjustments, and the addition of cytokines
and growth factors [9].

In stem cell fate determinations, transcriptome changes
are strongly linked to the differentiation of cell types.
Therefore, recently, the transcription of differentiated
cells has been world widely analyzed using sequencing
tools, such as RNA sequencing [10]. However, cell fate
does not only change transcriptional regulation. Cellu-
lar differentiation and lineage commitment are affected
by communication between nuclei and various biological

processes and signaling pathways involving cytoplasmic
macromolecule and organelle interactions [11-13]. In
particular, changes of metabolism are accompanied when
stem cells are differentiated, and it is known to play a vital
role in stem cell fate determinations [14]. In cell metabo-
lism, mitochondrial dynamics are pivotal in determin-
ing cell fate and function [15]. Moreover, it has been
reported that lipid droplets (LDs), which are related to
storage organelles at the center of lipid and energy home-
ostasis, are also linked with stem cell fate determina-
tion [16]. Although the states of stem cell organelles are
important for determining stem cell fate, it is still largely
unknown whether the regulation of stem cell organelle
states affects hepatic differentiation.

This study demonstrated that the hepatic differentia-
tion of hUCM-MSC:s is significantly influenced not only
by transcriptomic alterations but also by the state of orga-
nelles. We found that fasudil induced endoderm genes
in the early differentiation, but facilitated the excessive
accumulation of LDs in stem cells and interfered with
hepatic differentiation. However, when hUCM-MSCs
were reacted with fasudil in a high-viscosity gelatin-
coated dish reduced the accumulation of LDs, activated
mitochondrial function, and increased the efficiency and
function of differentiated cells. Moreover, in the mature
stage of differentiation, low-viscosity gelatin reduced the
induction of LDs and activated mitochondria, thereby
increasing the differentiation efficiency and function
of differentiated cells. Collectively, our study findings
highlight the importance of the hepatic differentiation
of hUCM-MSCs not only to transcriptome changes but
also to the regulation of the organelle states of differenti-
ated cells.

Materials and methods

Cell culture

In this study, hUCM-MSCs were obtained from the Asan
Stem Cell Center (Asan Institute for Life Sciences, Seoul,
Korea) [17]. The stem cells were cultured on 0.1% gela-
tin-coated cell culture dishes in DMEM/F12 medium,
supplemented with 10% FBS (fetal bovine serum; Gen-
DEPOT, TX, USA), 1% NEAA (non-essential amino
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acids), 1% antibiotic—antimycotic (Gibco, USA) and 0.2
mM L-ascorbic acid. Each manually passaged at 1:3 to 1:5
dilutions every 3—4 days.

Quantitative RT-PCR
Total RNA was extracted using an RNeasy Mini Kit (Qia-
gen, CA, USA) following the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized using an
Ultrascript 2.0 cDNA Synthesis Kit (PCR Biosystems,
London, UK), and qRT-PCR was performed using HOT
FIREPol EvaGreen qPCR Supermix (SOLIS BIODYNE,
Tartu, Estonia) on a CFX Connect Real-Time PCR Detec-
tion System (Bio-Rad Laboratories, Hercules, CA, USA).
The mRNA levels were normalized to GAPDH for analy-
sis. The primer sequences are listed in Table S1.
RT-qPCR was conducted to evaluate the expression
of hepatic mature miRNAs (miR-122, and miR-192) in
undifferentiated and differentiated cells. Briefly, cDNA
was synthesized from total RNA using the miRCURY
LNA RT Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. RT-qPCR analysis was
performed using the miRCURY LNA SYBR Green PCR
kit (Qiagen) with microRNA-specific primers purchased
from Qiagen. Cycling conditions were as follows: incuba-
tion at 95 °C for 2 min, followed by 40 cycles of denatura-
tion for 10 s at 95 °C, and annealing and extension for 1
min at 56 °C. The cycle threshold values were determined
using Bio-Rad CFX Maestro software (CFX Maestro, ver-
sion 1.1; Bio-Rad Laboratories). All experiments were
repeated three times, and RNU6B was used as an internal
control.

Mitochondrial DNA copy number estimation
Mitochondrial DNA (mtDNA) copy number was deter-
mined using the Absolute Human Mitochondrial DNA
Copy Number Quantification qPCR assay kit (ScienCell,
CA, USA). Before assessing the mtDNA copy number,
we isolated total DNA using the QIAamp DNA Mini Kit
(Qiagen). Briefly, the cycle threshold values were meas-
ured in triplicate for each sample using nuclear-specific
and mitochondria-specific probes. The assay was per-
formed according to the manufacturer’s instructions.

Detection of secreted human albumin

The secreted human albumin from the differentiated cells
was detected using a Human Albumin ELISA kit (Bethyl
Laboratories, TX, USA) according to the manufacturer’s
instructions. Albumin secretion was normalized to the
culture day and total cell number.

Measurement of CYP3A4 activity in vitro
Enzyme activity was determined using the P450-Glo
CYP3A4 kit (Promega, WA, USA) according to the
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manufacturer’s instructions. Luminescence was meas-
ured by GloMax 96 Microplate Luminometer (Promega).
CYP3A4 activity was normalized to the culture day and
double-stranded DNA content of each sample.

In vitro hepatic differentiation

Hepatic differentiation was performed as previously
reported with slight modifications [17, 18]. Briefly, the
stem cells were seeded on cell culture dishes at 7000
cells/cm? Cell culture dishes were not coated when eval-
uating the effect of three different ROCK inhibitors, such
as fasudil (AdooQ Bioscience, CA, USA), Y-27632, and
ripasudil (Sigma Aldrich, USA), on hUCM-MSCs. On the
other hand, in all other experiments, culture dishes were
coated with 0.1% or 1% gelatin or 1% Matrigel (Corning,
NY, USA) or 1xvitronectin (Thermo Fisher Scientific,
MA, USA). One day after subculture, ROCK inhibi-
tor was treated according to concentration and time for
induction of an endoderm.

Next, the cells were cultured in a hepatoblast induc-
tion medium consisting of step-1 basal medium, 10 ng/
ml FGF2, 20 ng/ml BMP4 (Peprotech, NJ, USA), and 3
uM CHIR99021 (Tocris, UK) for 4 days. Finally, the dif-
ferentiated cells were cultured in a hepatocyte-like cells
induction medium consisting of a step-2 basal medium
and 20 ng/ml oncostatin M (OSM, Peprotech) for 8 days.
Thereafter, the medium was replaced with a hepatic
maturation medium consisting of step-2 basal medium,
20 ng/ml OSM only or OSM with extracellular matrix
—0.1% gelatin or 0.1% Matrigel or 0.1 X vitronectin—for 5
days. Step-1 and step-2 basal medium are composed as
described below.

The step-1 basal medium consisted of the following
steps: IMDM (Iscove’s Modified Dulbecco’s Medium;
Gibco) supplemented with 0.1% PVA (polyvinyl alcohol;
Sigma Aldrich), 10 mM nicotinamide (Sigma Aldrich),
20 ng/ml hHGF (human hepatocyte growth factor; Pep-
roTech), 1% ITS (insulin—transferrin—selenium; Gibco),
and 1% penicillin/streptomycin (GeneDireX, Taiwan);
The step-2 basal medium consisted of the following steps:
IMDM supplemented with 1 uM dexamethasone, 1%
ITS, 20 ng/ml hHGE, and 1% penicillin/streptomycin.

A protocol of conventional hepatic differentiation was
conducted using previously reported differentiation
method [19].

Protein extraction and western blotting

For western blotting, cells were trypsinized, washed
with ice-cold PBS, and lysed in RIPA lysis buffer (50 mM
HEPES pH 7.4, 150 mM NaCl, 1 mM EDTA, 2.5 mM
EGTA, 1 mM DTT, 1% Triton X-100) containing a pro-
tease and phosphatase inhibitor cocktail (Sigma Aldrich).
After lysis, cell debris was removed by centrifugation at
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13,000 rpm for 20 min. The protein concentrations were
determined using the Bradford assay. Total cellular pro-
teins (15 pg) were separated by 8—-15% SDS—PAGE and
transferred to Immobilon PVDF membranes (Millipore,
MA, USA). The membranes were blocked with 8% BSA
(bovine serum albumin; GenDEPOT) in TBST (Tris-
buffered saline with Tween 20; 20 mM Tris—HCI pH 7.4,
150 mM NaCl, 0.1% Tween 20) and probed with anti-
Albumin (Abcam, Cambridge, UK) and anti-CYP3A4
(Santa Cruz, CA, USA) primary antibodies. After wash-
ing with TBST, the primary antibodies were detected
using horseradish peroxidase-conjugated anti-mouse
secondary antibodies and an enhanced chemilumines-
cence detection system (Amersham, Buckinghamshire,
UK). Full-length western blotting images are presented in
Fig. S5.

Organelle analysis in the differentiated cells

Label-free optical diffraction tomography (ODT) using
refractive index (RI) tomography was conducted on
hUCM-MSCs using an ODT microscope (HT-X1;
Tomocube Inc., Daejeon, Korea). The ODT used three-
dimensional RI tomography to reconstruct a single
hUCM-MSCs from 48 overlapping two-dimensional
holograms captured at various angles, illuminated by
a 450-nm LED (light-emitting diode) in a controlled
atmosphere of 5% CO, at 37 °C. The HT-X1 microscope,
incorporating a Mach—Zehnder interferometer, was uti-
lized for the three-dimensional RI tomographic recon-
struction of the cells. LD quantification and volumetric
analysis were performed using TomoAnalysis software by
TomoCube. Fluorescent staining was employed to ensure
precision. MitoTracker dyes (Invitrogen, CA, USA, 250
nM) for mitochondrial labeling and Biotium LipidSpot
488 lipid droplet stain (1:1000 dilution) were used to
stain the mitochondria and LDs, respectively. Live cell
staining was performed according to the manufacturers’
instructions.

We also observed the cells using a Zeiss LSM 880 con-
focal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany). The cells were fixed with 4% formaldehyde
overnight, washed with the PBST (PBS with Tween 20),
permeabilized in 0.5% Triton X-100, and blocked with
PBST containing 1% BSA. The samples were stained with
Biotium LipidSpot 488 lipid droplet stain. Nuclei were
counterstained with NucBlue Fixed Cell ReadyProbes
Reagent (DAPI; Invitrogen) for 10 min, and fluorescence
signals were detected using the Zeiss LSM 880 confocal
laser scanning microscope.

Seahorse assay
To measure oxygen consumption rate (OCR) in differen-
tiated cells, stem cells were seeded at 7000 cells/cm? in
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0.1% or 1% gelatin-coated XFe24 cell culture plates (Agi-
lent Technologies, Santa Clara, CA, USA) and subse-
quently induced to differentiate. Mitochondrial OCR was
measured using an XF Cell MitoStress test kit in an XF24
extracellular flux analyzer (Agilent Technologies). OCR
values were normalized by the amount of cellular DNA.

Measuring the proliferation capacity during hepatic
differentiation

To measure the cell growth rate during hepatic differ-
entiation, stem cells were seeded at 6x10* cells in 25T
flask. On day 3, 7, and 20 of differentiation, the cells were
detached using trypsin, and cell number were counted
by hemocytometer. The proliferation capacity was calcu-
lated using the formula described follow: day 0 or 3 or 7
or 20 cell number/6 x 10* cells.

Statistical analysis

Statistical analysis was performed using GraphPad Prism,
version 6.0 (GraphPad Software, MA, USA). Compari-
sons of three or more data sets were performed by one-
way or two-way ANOVA (analysis of variance) followed
by Bonferroni’s multiple comparison tests. Two-group
comparisons were performed using two-tailed Stu-
dent’s t-tests. P values <0.05 were considered statistically
significant.

Results

State of organelles in differentiated cells influence

the early stage of hepatic differentiation

In our initial work, we tested how the ROCK inhibitor,
fasudil, influences the differentiation of hUCM-MSCs
into hepatic endoderm, a crucial process in the initial
stages of cellular differentiation. Previous studies were
reported that ROCK inhibitors not only improve stem
cell viability but also promote the induction of human
pluripotent stem cells (hPSC) into the endoderm [20].
Moreover, differentiation efficiency increased when small
molecules were used rather than only protein-used [21].
Thus, in order to confirm the effect of fasudil on the
hepatic differentiation of hUCM-MSCs, we first verified
a proper concentration and treatment time of fasudil.
Unlike the previously reported concentration of fasudil
used in hPSCs [22], endoderm markers (GATA4, SOX17
and FOXA2) were significantly increased at a high con-
centration of 10 uM, and it was effective when treated for
72 h (P<0.05, Fig. 1a, b). We also tested whether other
types of ROCK inhibitors, such as Y-27632 and ripas-
udil, upregulated endodermal genes in hUCM-MSCs.
The result showed that all endodermal genes significantly
upregulated at a concentration of 10 uM when differ-
ent types of ROCK inhibitor were used except Y-27632
(P<0.05, Fig. Sla). Among the three different ROCK
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Fig. 1 Effect of fasudil on early hepatic differentiation of hUCM-MSCs. a, b Transcription analysis of endodermal markers (GATA4, SOX17 and FOXA2)
expression in cells treated with fasudil according to concentration (a) and time (b). ¢ Microscopic and tomographic analysis of the fasudil
non-treated and treated group. Mitochondria (red) and lipid droplets (green) were stained with MitoTracker and Biotium LipidSpot, respectively.
Scale bar: microscopic, 200 um; tomographic, 10 um. d The number of lipid droplets in the cells (Control, n=5 cells; 72 h, n=5 cells). e Experimental
scheme of fasudil treatment in hUCM-MSCs for induction of hepatoblast. CHIR: CHIR99021. f Morphology of the cells at differentiation day 7.

Scale bar=100 um. g RT-qPCR analysis of hepatoblast markers AFP and HNF4A on differentiation day 7. GAPDH was used as an internal control

for RT-gPCR. h Time-dependent oxygen consumption rates (OCR) graph and bar charts for each group on differentiation day 3. Olig: oligomycin,
FCCP: carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone, AA: antimycin A, Rot: rotenone. OCR values were normalized by DNA concentration.
Non-mito, non-mitochondrial consumption rate. P values < 0.05 were considered significant. *, P<0.05; **, P<0.01; ***, P<0.001

inhibitors, fasudil more upregulated endodermal genes,
except GATA4, than two other ROCK inhibitors on dif-
ferentiation day 3 (P<0.05, Fig. S1b). Next, we conducted
tomographic analysis to confirm the state of organelles,
such as LDs and mitochondria, within differentiated
cells, which were known to be important for metabolism
and regulation of stem cell fate [16, 23]. As a result, the

stem cells changed to a more ovoid shape and the mito-
chondrial morphology was different (Fig. 1c). Moreover,
LDs were induced inside the cells, and the number of LDs
increased (P<0.001, Fig. 1c, d).

Next, we examined whether the use of fasudil increased
the differentiation efficiency of hepatoblasts, as an evalu-
ation of the next step in the hepatic endoderm (Fig. 1e).
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The phenotype of differentiated cells was similar in both
the control and fasudil-treated groups (Fig. 1f). However,
the expression of hepatoblast-related genes was simi-
lar (HNF4A, no significant) or lower (AFP, P<0.001) in
the fasudil-treated group than the control group at dif-
ferentiation day 7 (Fig. 1g). To explain the hepatoblast
differentiation efficiency decreased despite endodermal
gene upregulation, we performed mitochondrial function
test. Mitochondrial functions, such as adenosine triphos-
phate (ATP) production, are related to the efficiency of
differentiation and are reduced when excessive LDs
are induced [24]. Therefore, we hypothesized that LDs
induced by fasudil would affect mitochondrial function.
As we expected, mitochondrial function was diminished
in the cells treated with fasudil on the day 3 of differ-
entiation (P<0.001, Fig. 1h). However, fasudil had less
effect on ATP production levels, which is known to be
important for endoderm differentiation [25], than other
ROCK inhibitors (P<0.001, Fig. Slc, d). Collectively,
these results indicated that while fasudil transcription-
ally affects by supplying more energy needed for differ-
entiation in the early stages of hepatic differentiation of
hUCM-MSCs compared to other ROCK inhibitors, but
it does not influence next stage of endoderm due to orga-
nelle conditions.

The effect of gelatin viscosity on hepatoblast induction

of hUCM-MSCs

Based on fasudil-treated results, we hypothesized that
mitochondrial function and organelle conditions corre-
late with differentiation efficiency. Therefore, we aimed
to enhance mitochondrial function and regulated orga-
nelle conditions through an extracellular matrix (ECM)
component. Gelatin is known to low cost-biomaterial
for stem cell culture and provides a suitable biological
and differentiation signal for host cells [26-28]. Moreo-
ver, as confirmed in our result, when hUCM-MSCs were
cultured on 0.1% or 1% gelatin-coated dishes, mitochon-
drial activation levels, such as basal, maximal oxidative
phosphorylation, ATP production, and proton leak, were
increased (P<0.001, Fig. 2a). Gelatin also more improved
the mitochondria function of hUCM-MSCs compared

(See figure on next page.)
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with other ECMSs used in stem cell research, such as
Matrigel and vitronectin [29, 30] (Fig. S2a, b). Previous
studies have shown that enhancement of oxidative phos-
phorylation levels and ATP production in differentiated
cells is necessary for specific lineage differentiation [31,
32]. Therefore, we expected that gelatin used as ECM
would synergistically improve the efficiency of differen-
tiation with fasudil.

To assess gelatin’s impact on hepatic differentiation,
we cultured hUCM-MSCs on 0.1% or 1% gelatin-coated
dishes, and the differentiation proceeded under these
conditions with fasudil (Fig. 2b). The phenotype of dif-
ferentiated cells was similar on day 7 between all groups
(Fig. 2c). Next, we analyzed the dynamics of gene expres-
sion associated with hepatic endoderm and hepato-
blasts on the differentiation day 0, 3 and 7. As a result,
endoderm-related genes (SOX17 and FOXA2) except for
GATA4 and hepatoblast-related genes (AFP and HNF4A)
exhibited significant upregulation in the 1% gelatin and
fasudil group compared to other groups on day 3 and 7
(Fig. 2d, e and Fig. S4a, b). We also confirmed an influ-
ence of other ECMs on hepatic differentiation (Fig. S2c).
The morphology of differentiated cells on differentiation
day 7 were similar (Fig. S2d), but SOX17, FOXA2 and
AFP were more expressed on day 3 and 7 of differentia-
tion when gelatin was used compared with other ECMs
(Fig. S2e, f). However, interestingly, when hepatoblast
differentiation was progressed, the hepatoblast markers
(AFP and HNF4A) were decreased in the 0.1% gelatin and
fasudil group, in contrast to the 1% gelatin and fasudil
group (#a and #b, P<0.01; Fig. 2e). Even when only fas-
udil was used, the hepatoblast genes were not increased
(#c, P<0.05; Fig. 2e). This result suggested that proper
hepatic differentiation cannot be achieved with only
fasudil or gelatin, and a high-viscosity gelatin coating is
required for efficient differentiation using fasudil com-
pared to low-viscosity coating.

To explain the variation in differentiation efficiency
observed between the low-viscosity and high-viscosity
gelatin groups, first, we examined the early differentiation
fate of stem cells. Notably, fasudil has been documented
as a promoter for the differentiation of cells originating

Fig. 2 Transcription analysis of the effect of gelatin viscosity on early hepatic differentiation. a Time-dependent OCR graph and bar charts
depending on gelatin-coating viscosity. OCR values were normalized by DNA concentration. b Schematic summary of early hepatic differentiation.
Endoderm was induced depending on the experimental conditions for 3 days: Fasudil only, 0.1% gelatin-coated, 0.1% gelatin-coated and fasudil,
1% gelatin-coated, and 1% gelatin-coated and fasudil. And then, hepatoblasts were induced as indicated. CHIR: CHIR99021 ¢ Morphology

of the differentiated cells in each group on differentiation day 7. Scale bar=100 um. d, e Time-dependent RT-qPCR analysis of endoderm (d)

and hepatoblast (e) markers on the differentiation day 0, 3, and 7. #a and #b are statistics comparing day 3 and 7 when 1% or 0.1% gelatin

and fasudil were used. #c are statistics comparing day 3 and 7 when fasudil were only used. f, g Relative MRNA expression analysis of ectoderm (f)
and mesoderm (g) markers for the differentiated cells on day 3. GAPDH was used as an internal control. P values < 0.05 were considered significant.

* P<0.05;** P<0.01; ** P<0.001
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from the ectoderm and mesoderm, including neurons
and cardiomyocytes [33, 34]. Thus, we confirmed the
gene expression of ectoderm (PAX6, SOX1 and OTX2)

and mesoderm (7, MIXL2 and CDX2) markers in dif-
ferentiated cells on day 3. As previously reported, when
only fasudil was used, ectoderm- and mesoderm-related
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genes were upregulated except CDX2 (P<0.05, Fig. 2f,
g). However, interestingly, the gene expression was dif-
ferent depending on gelatin viscosity. The expression of
ectoderm genes (PAX6 and OTX2) was suppressed in
the 1% gelatin and fasudil group than 0.1% gelatin and
fasudil-used group (P<0.001; Fig. 2f). Furthermore, the
mesoderm gene, MIXL2, was downregulated, but the
mesendoderm gene, T, was upregulated in the 1% gela-
tin and fasudil group (P<0.01; Fig. 2g). These results
indicated that high-viscosity gelatin repressed the gene
expression of ectoderm- and endoderm-related genes,
thereby leading a more endodermal fate than low-viscos-
ity gelatin.

Given that stem cell fate determinations according to
gelatin viscosity can be influenced by the organelle states,
next, we investigated the impact of high-viscosity gelatin
on organelles in the differentiated cells.

High-viscosity gelatin inhibited the induction of LDs

and enhanced mitochondrial function

To analyze the effects of high-viscosity gelatin on stem
cell fate through regulation of organelles, mitochondrial
function and tomographic analyses were performed.
First, we conducted a seahorse assay to confirm whether
gelatin increase mitochondrial functions of differenti-
ated cells. As a result, mitochondria function increased
depending on the viscosity of gelatin (P<0.05, Fig. 3a, b).
Furthermore, basal and maximal respiratory, and ATP
production levels did not decrease when gelatin was used
(Fig. 3b).

Next, we confirmed an expression of LDs through
tomographic analysis to determine why the differenti-
ated cells did not correctly differentiate into hepatoblasts
despite restored mitochondrial function in low-viscos-
ity gelatin. It is known that tomographic analysis can
be used to observe cell organelles more accurately than
confocal laser scanning microscopy [35]. Therefore, we
tomographically analyzed LDs and morphology of the
mitochondria in differentiated cells on day 3. The result
showed that LDs were more accumulated in the 0.1% gel-
atin and fasduil-used group that only fasudil-used group,
but the group treated with 1% gelatin and fasudil showed
lower LDs induction than the group treated with 0.1%
gelatin and fasudil (P<0.001; Fig. 3c, d). Moreover, in the
0.1% gelatin and fasudil group, mitochondrial morphol-
ogy appeared to be hyperfusion induced (Fig. 3c). This
result suggested that low-viscosity gelatin upregulated
mitochondrial function and promotes endoderm differ-
entiation along with fasudil, but it accumulated excessive
LDs within differentiated cells and hinders differentia-
tion into hepatoblasts. On the other hand, high-viscosity
gelatin greatly increased mitochondrial functions and
inhibited the accumulation of excessive LDs within the

Page 8 of 14

cells, allowing hepatic differentiation to proceed appro-
priately. We also measured the mtDNA copy number
across all groups. A previous study reported that mtDNA
levels gradually increased to support differentiation [36].
Thus, we expected that the more efficient the differentia-
tion, the higher the mtDNA copy number would be. In
our study, the mtDNA copy number was higher in the 1%
gelatin and fasudil group (P<0.001, Fig. 3e).

In summary, the enhanced differentiation efficiency in
the 1% gelatin and fasudil group can be attributed not
only to the downregulation of ectodermal and meso-
dermal gene expression but also to the modulation of
organelle states, including reduced LD production and
activated mitochondrial function.

Low-viscosity gelatin synergistically enhanced

the efficiency and function of HLCs

Finally, we differentiated the hepatoblasts, which were
induced using 1% gelatin coating and fasudil, into HLCs.
At this stage, we used gelatin by adding step-2 differen-
tiation medium rather than coating the dishes. Gelatin
is known for its use in the long-term maintenance of
human hepatocytes [37]. Thus, we assumed that it would
help in the maturation of HLCs from hUCM-MSCs. To
confirm the effect of gelatin on hepatocyte maturation,
we induced HLCs from the hepatoblasts using OSM
for 8 days, and we conducted the maturation by add-
ing gelatin at different viscosities: 0% (no gelatin added)
or 0.1% or 1% for 5 days. Moreover, an efficiency of the
gelatin- and fasudil-used protocol was assessed com-
pared with a differentiation method conventionally used
for h(UCM-MSC [19] (Fig. 4a). The HLC phenotypes were
similar in all groups on differentiation day 20 (Fig. 4b).
However, transcription analysis revealed that the expres-
sion of mature hepatocyte-related genes (ALB, CYP3A4,
CYPIA2, HNFIA and HNF4A) was significantly elevated
in the low-viscosity (0.1%) gelatin group compared to
the others (P<0.01, Fig. 4c). Moreover, the efficiency of
differentiation improved compared to the conventional
method except CYPIA2 gene (P<0.001, Fig. 4c). We also
confirmed the expression of these proteins (Albumin;
ALB and CYP3A4) by western blotting, wherein ALB
and CYP3A4 levels in the 0.1% gelatin group was nota-
bly higher (P<0.05, Fig. 4d, e). When comparing the effi-
ciency of the differentiation method using low viscosity
gelatin with the conventional method, ALB and CYP3A4
expression was also efficiently upregulated in the low-
viscosity gelatin-used group (P<0.05, Fig. 4d, e). We also
assessed the maturation efficiency through the expres-
sion of hepatocyte-specific miRNAs, such as miR-122
and miR-192 [38]. This results also showed that hepato-
cyte-specific miRNAs expressed significantly upregulated
in the presence of 0.1% gelatin (Fig. 4f). Furthermore,
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M;aximal ATP production

Hkk
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Fig. 3 Analysis of lipid droplets and mitochondrial function in differentiated cells. a Time-dependent OCR levels for each group on differentiation
day 3. b Bar charts showing the results of mitochondrial respiration changes in each group, analyzed with basal and maximal respiration,

ATP production. OCR values were normalized by DNA concentration. ¢ Tomographic analysis of the effect of gelatin and fasudil on hepatic
differentiation. Mitochondria (red) and lipid droplets (green) were stained with MitoTracker and Biotium LipidSpot, respectively. Scale bar=10 pm.
d The number of lipid droplets in the cells of each group (each group, n=6 cells). e Mitochondrial copy number analysis in the differentiated cells
on day 3. Pvalues < 0.05 were considered significant. *, P< 0.05; **, P<0.01; ***, P<0.001

we also confirmed whether other ECMs can also affect
hepatic maturation. Thus, two different ECMs, Matrigel
and vitronectin, were added to the differentiation
medium and the hepatic differentiation was conducted
(Fig. S3a). As a result, the morphology of differentiated

cells was similar (Fig. S3b), but the gene expression of
CYP3A4, CYPIA2 was higher in gelatin-used group than
the other groups (P<0.01, Fig. S3c). Moreover, consist-
ent with the genetic results, the expression of CYP3A4
was higher in gelatin-used group compared to the other
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groups (P<0.05, Fig. S3d, e). These results suggested that
low viscosity of gelatin is helpful for hepatic differentia-
tion and maturation than other expensive ECMs.

Next, considering the primary roles of hepatocytes
in protein synthesis and detoxification, we measured
albumin secretion and CYP3A4 activity. The results
showed that hepatic function and CYP3A4 activity

were significantly upregulated in HLCs with the addi-
tion of 0.1% gelatin compared to other groups, includ-
ing the conventional group (P<0.001, Fig. 5a, b). We also
counted the number of cells produced by the protocol
using fasudil and gelatin to evaluate differentiation effi-
ciency and compared with the conventional protocol.
The number of differentiated cells was much higher than
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the conventional method (P<0.001, Fig. 5c). Overall,
the specification and maturation of hepatocytes were
more efficient with low-viscosity gelatin. Therefore, we
attempted to understand this phenomenon by analyz-
ing the state of differentiated cell organelles, focusing
on LDs and mtDNA copy number in the HLCs on day
20. Confocal imaging analysis confirmed that fewer LDs
were induced when 0.1% gelatin was used for hepatocyte
maturation (P<0.05, Fig. 5d, e), and a significant increase
in mtDNA copy number was observed in the same group
(P<0.001, Fig. 5f). These findings imply that low-vis-
cosity gelatin is favorable for the maturation of HLCs,
diverging from its role in early differentiation stages, and
highlight that organelle states are pivotal in determining
the efficiency and functionality of HLCs.

Discussion

We successfully increased the efficiency of hepatic differ-
entiation of hUCM-MSCs using fasudil and gelatin. Fas-
udil is a small molecule that is more stable and precise for
stem cell differentiation than proteins used in the early
stages of hepatic differentiation, such as activin A and
Wnt3a [39]. Moreover, given that fasudil has been used
in clinical treatment, it can be used in the production of
stem cell-based therapies [40]. Thus, there is a necessary
to discuss about the effects of fasudil on hUCM-MSCs.
Previous studies have shown that fasudil prevents mito-
chondrial fission and induces fusion [25]. Consequently,
it is possible that mitochondrial byproducts, such as
reactive oxygen species—produced by fusion stress—
change stem cell metabolism and increase differentia-
tion-related genes [41]. For this reason, according to our
findings, hepatoblast differentiation may have been hin-
dered by mitochondrial stress. However, this assumption
requires further investigation.

We also demonstrated that gelatin viscosity affects
early and late hepatic differentiation of hUCM-MSCs.
According to previous studies, the differentiation effi-
ciency of human MSCs and liver stem cells increases
in low-viscosity ECM, which provides soft stiffness [42,
43]. As in our study, the efficiency of hepatocyte matura-
tion increased in low-viscosity gelatin in the late stages

(See figure on next page.)
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of differentiation. Contrary to the late stages, hepatoblast
differentiation was enhanced on high-viscosity gela-
tin—coated dishes during the early stages. This means
that the ECM requirement for differentiated cells varies
depending on the developmental stage, and if not opti-
mized, stem cell fate may change. Thus, our research sug-
gests that to use ECM for differentiation, it is necessary
to optimize the viscosity or concentration depending on
the differentiation stage.

Next, we suggested that it may be important not only
to induce appropriate transcription but also to induce the
appropriate organelle state. The regulation of LDs and
mitochondrial function had a significant impact on stem
cell fate. Consistent with our findings, the condition of
cellular organelles influences cellular metabolism, which
can lead to epigenetic modifications [44]. Mitochondrial
metabolism, glycolysis, and oxidative phosphorylation
generate NADH/NAD* and FADH,/FAD, which induce
epigenetic changes such as histone methylation, acetyla-
tion, demethylation, and DNA demethylation [45]. This
may serve as a crucial checkpoint for the therapeutic
application of stem cell-derived differentiated cells.

Beyond the aspects already described, further detailed
investigations are warranted. For example, the upstream
factors that influence organelle behavior and transcrip-
tional responses to fasudil and gelatin remain uniden-
tified. Additionally, a comprehensive examination of
organelles, including the Golgi apparatus and endoplas-
mic reticulum—both integral to cellular metabolism—
is essential [46]. Establishing clear associations among
organelle states, gene expression, and cellular functions
in differentiated cells, and their comparison with human
primary hepatocytes, could facilitate the therapeutic
application of stem cell-derived hepatocytes in the future.

Conclusion

In conclusion, we propose an effective protocol for
hepatic differentiation using fasudil and gelatin. Fas-
udil prompted the early-stage induction of hUCM-
MSCs into endoderm, while a high-viscosity (1%)
gelatin coating modulates transcription and organelle
states, thereby enhancing differentiation efficiency.

Fig. 5 Viscosity of gelatin affected hepatic functions and organelles of mature hepatocyte-like cells. a Detection of human Albumin secretion

in the differentiated cells on day 20, derived from each experimental group. Undiff, undifferentiated cells. Conventional: Hepatocyte-like

cells were induced by conventional method. b Measurement of CYP3A4 activity using luminescence systems. Neg ctrl, only differentiation
medium. ¢ Comparison of growth rate between conventional protocol and gelatin- and fasudil-used protocol (Biological replication, n=3). In
the fasudil- and gelatin-used protocol, 1% gelatin coating and fasudil was used for endoderm induction, and 0.1% gelatin was used for hepatic
maturation. d Immunocytochemical staining analysis of lipid droplets in the differentiated cells on day 20. Nuclei (blue) and lipid droplets (green)
were stained with DAPI and Biotium LipidSpot, respectively. The boundaries of cells are indicated by white dotted lines. Scale bar=20 um. e
Fluorescence intensity of detected LDs in (c) (n=4). f Mitochondrial copy number analysis in the differentiated cells on day 20. g Schematic
illustration of the overall flow of this study. P values < 0.05 were considered significant. *, P<0.05; **, P<0.01; ***, P<0.001
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Conversely, during the later stages of differentiation,
a low gelatin viscosity (0.1%) enhanced hepatic matu-
ration and function. At this stage, the suppression of
lipid droplets and the activation of mitochondria also
influenced maturation of HLCs (Fig. 5g). These results
suggest that for the generation of differentiated cells
suitable for cell therapy, a thorough analysis of orga-
nelle states, in addition to genetic and proteomic pro-
filing, is crucial for the efficacy and functionality of
hepatic cells differentiated from hUCM-MSCs.
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