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Shortage of functional hepatocytes hampers drug safety testing and therapeutic applications because

. mature hepatocytes cannot be expanded and maintain functions in vitro. Recent studies have reported

. thatliver progenitor cells can originate from mature hepatocytes in vivo. Derivation of proliferating

. progenitor cells from mature hepatocytes, and re-differentiation into functional hepatocytes in vitro

. has not been successful. Here we report the derivation of novel mesenchymal-like stem cells (arHMSCs)

. from adult rat hepatocytes. Immunofluorescence and flow cytometry characterization of arHMSCs

. found expression of mesenchymal markers CD29, CD44, CD90, vimentin and alpha smooth muscle

© actin. These arHMSCs proliferated in vitro for 4 passages yielding 10* fold increase in cell number in 28
days, and differentiated into hepatocyte-like cells (arHMSC-H). The arHMSC-H expressed significantly
higher level of hepatocyte-specific markers (200 fold for albumin and 6 fold for Cyp450 enzymes) than
arHMSCs. The arHMSC-H also demonstrated dose response curves similar to primary hepatocytes for 3
of the 6 paradigm hepatotoxicants tested, demonstrating utility in drug safety testing applications.

: Liver is an important organ for maintaining homeostasis and performs a plethora of functions such as pro-
© tein synthesis and metabolism, conversion of ammonia to urea, glucose, fatty acid and drug metabolism.
. Hepatocytes, the parenchymal cells of the liver, are widely used in bio-artificial liver devices and for safety test-
ing of xenobiotics in vitro'->. However, there is a shortage of functional hepatocytes for various drug-testing
applications and large quantities of hepatocytes are unavailable from a single donor that is crucial for toxicity
* studies and infectious disease applications. In recent years embryonic stem cells (ESCs) and induced pluripo-
. tent stem cells (iPSCs) have been shown to differentiate into multiple lineages including hepatocytes like cells*.
. However, proliferation and maintenance of these cultures in their pluripotent state is expensive and difficult
¢ toscale up.
: Liver progenitor cells have also garnered great interest from both the biomedical and pharmaceutical indus-
: tries due to their potential for providing an unlimited cell source of cells for various applications®. The oval cells
: are a well-described type of liver progenitor cells but are difficult to isolate and maintain in culture®. Previous
studies have demonstrated that liver-derived progenitor cells isolated from diseased liver of rodents such as
fibrotic liver and hepatocellular carcinoma tissues have the capacity to differentiate into hepatocytes in vitro”S.
Recent studies have shown that, under some conditions mature hepatocytes can differentiate into oval cells in
: vivo, which in turn can proliferate and differentiate to hepatocytes in vivo. However, such potential of hepatocytes
© to give rise to progenitor cells capable of proliferating and differentiating into hepatocytes has not been achieved
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in vitro and applied for drug-testing applications®'2 In this study we have derived adult rat hepatocyte-derived
mesenchymal-like stem cells (arHMSCs) from rat hepatocytes, and re-differentiated them into hepatocyte-like
cells and characterized them for drug-testing applications'>™.

arHMSCs in our study were positive for mesenchymal markers such as alpha-smooth muscle actin (SMA),
Vimentin, CD44, CD29 and CD90. arHMSCs were also vastly different in morphology compared to the liver-derived
progenitor cells (LDPCs) derived by Sahin et al.'* and did not express CD45. arHMSCs were derived directly from
hepatocytes but not from the clonal selection and LDPC repopulation as described by Sahin and Chen et al.!>4,

We differentiated arHMSCs using chemically defined media and quantified the expression and metabolic activ-
ity of the arHMSC:s by studying the expression of cytochrome P450 markers and sensitivity of arHMSCs to 6 para-
digm hepatotoxicants. Over fourteen days in culture arHMSCs differentiated to an epithelial lineage and expressed
liver-specific phenotypes such as ureagenesis, albumin secretion, expression of hepatic nuclear factors and cytochrome
P450 enzymes. They also exhibited dose-dependent hepatotoxicity similar to that seen in mature hepatocytes for half of
the tested hepatotoxicants. This was contrary to the results obtained by Maerckx et al. where they failed to differentiate
the liver progenitor cells to mature hepatocytes'® though the progenitor cells were of similar morphology to our study.

arHMSC-H in our study demonstrated hepatocyte-like liver-specific functions and also exhibited
dose-dependent toxicity to selected paradigm hepatotoxicants, with dose response curves similar to that observed
in mature hepatocytes. We have developed a simple method to generate functional hepatocyte-like cells in vitro
using progenitor cells derived from adult hepatocytes. By bypassing embryonic stem cell reprogramming and
avoiding the use of viral vectors in induced pluripotent stem cells, our approach can be adapted to generate
patient-specific progenitors for individualized toxicity screens.

Results

Derivation of arHMSCs from primary rat hepatocytes. We studied the morphological changes in
the primary rat hepatocytes cultured for seven days in culture using continuous live cell imaging. We did not
observe morphological changes in the primary rat hepatocytes on day 1 and 2 of culture. Live cell imaging was
performed from day 3 onwards. Mature hepatocytes started to undergo distinct morphological changes from day
3 in culture (Fig. 1(i-iv)). Some hepatocytes aggregated to form clusters, parts of which detached from the culture
plate. From day 5 onwards, mesenchymal-like elongated spindle cells, migrated away from the attached, aggre-
gated hepatocyte clusters (Fig. 1(v-viii)). At the same time, more hepatocytes aggregated to form spheroids and
some detached from the plate. By day 6, there were only a few hepatocyte clusters left and the number of spindle
shaped cells increased (Fig. 1(ix-xii)). Upon longer culture, the spindle shaped cells further increased in number
(Fig. 1(xiii-xvi)). These spindle shaped cells were denoted as arHMSCs. We also stained the primary hepatocytes
on day 1 of culture and on day 7 post isolation in culture. The cells were positive for albumin, a mature hepato-
cyte specific marker on day 1 of culture and negative for CK 19, which is an early fetal hepatocyte marker. Upon
de-differentiation, the cells were negative for the mature hepatocyte marker albumin but were positive for the fetal
hepatocyte marker CK 19 on day 7 in culture (Fig. 1B).

One of the major concern was to delineate the source of these arHMSCs. Since the cells we used were isolated
from rat liver with ~90 percent hepatocytes and used without any further purification, there was a fair chance that
arHMSCs may emerge from cells other than hepatocytes. To circumvent this problem we used bile canaliculi as
a morphological marker of hepatocytes. Hepatocytes can form distinct bile canaliculi, which in phase contrast
microscopy appear as bright tubes between adjacent cobblestone-shaped cells (hepatocytes). We confirm the bright
tubes as bile canaliculi by incubating with cholyl-lysyl-fluorescein (CLF), a bile salt analogue, which is excreted
into the bile canaliculi from the surrounding hepatocytes (Supporting Fig. 1)!® when the hepatocytes are polar-
ized. Thus, hepatocytes can be easily identified in culture by their ability to form bile canaliculi. To confirm that
the arHMSC:s originated from the mature primary hepatocytes in culture, we transfected the isolated cells with
green fluorescent protein (GFP) - Ftractin (F-actin)'” construct and performed time-lapse imaging of individual
GFP-Ftractin labeled hepatocyte (i.e. cells forming bile canaliculi) over 7 days. We observed that the hepatocytes
maintained cobblestone morphology until day 4 of culture (Fig. 2A). From day 5 onwards, the hepatocytes started
losing their circularity and became elongated to resemble mesenchymal-like cells (Supporting Fig. 2). By day 7 in
culture the entire population in the well had elongated cells reminiscent of mesenchymal cells (Fig. 2A). This is
also evident from changes the circularity and the aspect ratio of the cells from day 5 to day 7 where we observe a
decrease in circularity and increase in aspect ratio of the cells upon dedifferentiation (Fig. 2B). Both, decrease in
circularity and increase in aspect ratio are physical marker of epithelial to mesenchymal transition (EMT) process.
Next, we stained the cells that we tracked for EMT, with progenitor markers. We observed that on day 7 of culture
the tracked hepatocyte that have undergone changes in aspect ratio and circularity, and expressed N-Cadherin and
CK 19, which are mesenchymal and fetal hepatocyte markers (Fig. 2C). These findings demonstrate that arHMSCs
are derived from mature primary hepatocytes and exhibit characteristics of mesenchymal-like cells.

Characterization of arHMSCs. We examined the expression of commonly used mesenchymal markers
using flow cytometry. The arHMSCs at passage 3 indicated that the cells expressed CD29, CD44 and CD90 with a
positive population of 98.90% =+ 1.25%, 21.36% = 6.97% and 89.10% = 6.67%, respectively (Fig. 3B). Additionally,
the hepatocyte-specific markers ASGPR and hematopoietic marker CD45 were almost undetectable, with a pos-
itive population percentage of 2.21 £ 0.08% and 4.95 £ 5.16% respectively. arHMSCs did not express Albumin, a
protein that is secreted by adult hepatocytes. To further characterize arHMSCs, we stained arHMSCs for a-SMA,
actin and vimentin. arHMSCs exhibited cytoplasmic distribution of a-SMA similar to that found in mesenchy-
mal cells. Additionally, extensive stress fibers were observed in arHMSCs as demonstrated by phalloidin staining
(Fig. 3A), indicating strong cell substrate adhesion and functional dedifferentiation of hepatocytes'. arHMSCs
also expressed vimentin, another mesenchymal marker'® (Fig. 3A). These results indicate that arHMSCs are
mesenchymal-like cells.
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Figure 1. Time lapse imaging of transformation of primary rat hepatocytes to arHMSCs. A (i-iv) Phase contrast
image of the dedifferentiating hepatocytes on day 3 & day 4 of culture. The hepatocytes lose their cuboidal
morphology and the hepatocyte islands start to shrink and round up with a gradual loss of bile-canaliculi like
structures. (A) (v-viii) Phase contrast image of dedifferentiating hepatocytes on day 5 of culture over a one-hour (1)
time scale. (Scale bar =100.M). This step involves the further shrinkage and aggregation of the hepatocyte islands
and migration and merging of two separate hepatocyte islands. It is also characterized by the appearance of cells with
mesenchymal like morphology from the regions where hepatocyte islands had clumped and formed spheroid like
structures. A (ix-xii) Phase contrast images of complete transformation of hepatocytes to ALMLCs in culture by day
6. This step is characterized by the complete disappearance of hepatocyte aggregates in culture (Scale bar =100 puM).
A(xiii-xvi) Phase contrast image of proliferation of ALMLCs in culture on day 7. This step is characterized by the
proliferation of ALMLCs in culture. The ALMLCs rapidly proliferate in culture and give rise to increasing number of
fibroblast like cells. (B) Staining of primary hepatocytes and the dedifferentiated hepatocytes on Day 1 and Day 7 for
mature hepatocyte marker Albumin (Green), early fetal hepatocyte marker CK 19 (Red) and DAPI (blue).
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Figure 2. Single cell lineage tracking of transformation of hepatocytes to arHMSCs. (A) Tracking the
dedifferentiation of a single GFP labeled hepatocyte into arHMSCs over 7 days in culture. The cells lose their
rounded hepatocyte-like morphology over time and become elongated mesenchymal like cells over 7 days in
culture. (B) Measure of aspect ratio and circularity of the cells from Day 1 to Day 7 in culture upon dedifferentiation.
The cells demonstrated decreasing circularity and increasing aspect ratio over time when undergoing
dedifferentiation. (C) Staining of arHMSCs for CK19 (blue) and N Cadherin (red) on day 7 of culture. The cells were
positive for both CK 19 and N-Cadherin, which are early fetal hepatocyte and mesenchymal markers.

In vitro differentiation from arHMSCs to arHMSC-Hs. To determine the hepatogenic potential of arHM-
SCs, we induced differentiation of arHMSCs using chemical factors using a modified protocol adapted from Lee
et al.?® (Fig. 4A). arHMSCs started to lose their spindle shape after being exposed to the differentiation media, and
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Figure 3. Characterization of arHMSCs. (A) Immunofluorescence staining of arHMSCs. arHMSCs were
stained with vimentin (yellow), actin (green), a-SMA (Red) and DAPI (blue) fluorescence. The arHMSCs

were positive for vimentin, actin and a-SMA, which are mesenchymal markers (Scale bar =20 uM). (B) Flow
cytometry analysis of arHMSCs. (Negative control: black; stained arHMSCs: Blue) The top left, middle and right
graph represent CD44 CD45 and CD90 respectively. Bottom left and right graph represent CD29 and ASGPR.
arHMSCs expressed mesenchymal markers CD29, CD44 and CD90. The hepatocyte specific marker ASGPR
and hematopoietic marker CD45 were almost undetectable.

gradually adopted a cobblestone morphology on day 14. These cells are named arHMSC-derived hepatocyte-like
cells(arHMSC-Hs) (Fig. 4C). To confirm the hepatic differentiation of arHMSCs, we studied the expression of
the hepatocyte-specific marker albumin. Immunofluorescence staining results demonstrated that after 14 days of
differentiation, arHMSC-Hs expressed albumin (Fig. 4D). The morphological structure of arHMSC-Hs was visu-
alized using actin staining. In contrast to the actin stress fiber observed in arHMSCs (Fig. 3A), cortical actin was
dominant in arHMSC-Hs (Fig. 4E), which is reminiscent of primary hepatocytes in vivo's.

hepatocyte-specific gene expression. To investigate the transition of arHMSCs to hepatic phenotype dur-
ing the differentiation, we measured the expression of hepatocyte-specific genes CYP (1A2, CYP2B1/2, CYP3A2)
for drug metabolism, albumin as a marker of synthetic function and HNF4a for liver-enriched transcriptional fac-
tors in arHMSCs, arHMSC-H and mature primary hepatocytes. In vitro differentiation of arHMSCs induced a sig-
nificant increase in CYP1A2, CYP3A2 and albumin expression levels. arHMSC-Hs had 8.7, 4.5 and 200 fold higher
expression of CYP1A2, CYP3A2 and albumin, respectively (p=10.0175, 0.0272, 0.0059 respectively) (Fig. 5B).
However, there was no significant difference in the expression of CYP2B1/2 and HNF4a among the three groups.
These results indicate that arHMSCs have hepatogenic potential and can differentiate to hepatocytes-like cells.

Synthetic and metabolic function of arHMSC-Hs. To investigate the functions of arHMSC-Hs, we
analyzed albumin production and urea synthesis and compared to arHMSCs (Fig. 5B). In vitro differentiation
enhanced the urea production from 5.37 + 1.19 pg/day/million cells for arHMSCs to 11.48 £ 0.93 pug/day/million
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Figure 4. In vitro differentiation of arHMSCs. (A) Modified protocol of directed hepatogenic differentiation
of arHMSCs. (B) Phase contrast image of undifferentiated arHMSCs, which exhibit spindle shaped cell
morphology similar to that of MSCs (Scale bar = 100 uM). (C) Phase contrast image of differentiated arHMSCs
after 14 days of in vitro differentiation. arHMSC-Hs adopted a polygonal morphology similar to that observed
in epithelial cells (Scale bar = 100 uM). (D) Immunofluorescence of the arHMSC-Hs for albumin, a specific
marker for hepatocytes, confirmed the hepatic differentiation of arHMSC (Albumin: green; DAPI: blue; Scale
bar =50pM). (E) Phalloidin fluorescence staining of the arHMSC-Hs demonstrated cortical actin distribution
reminiscent of differentiated hepatocytes (Phalloidin: red; DAPI: blue; Scale bar =50 pM).

cells for arHMSC-Hs (p =0.0249). We also demonstrated that arHMSC-Hs had the ability to produce albu-
min at a level of 215.96 £ 22.73 ng/million cells/day while albumin production of arHMSCs were undetectable
(p=0.0091) (Fig. 5C). Activity of drug-metabolizing enzyme CYP1A2, one of the most important cytochromes
P450 enzymes in rats, was also examined. The arHMSCs expressed lower CYP1A2 activity (0.71 4 0.04 pmol/
min/million cells. arHMSC-Hs expressed a significant enhancement of CYP1A?2 activity to 4.35+0.61 pmol/
min/million cells (p =0.0338) (Fig. 5D), which is consistent with the up-regulated CYP1A2 mRNA expression
of arHMSC-Hs (Fig. 5A).

Dose response to paradigm hepatotoxicants. We investigated the dose response characteristics and
ICy, values of 6 paradigm hepatotoxic compounds with different mechanisms of action, namely acetaminophen
(APAP), ketoconazole, diclofenac, chlorpromazine, flutamide and quinidine in the arHMSC-Hs and compared
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Figure 5. Characterization of arHMSC-Hs. Functional characterization was performed on day 14 of arHMSC
differentiation and on day 2 of primary hepatocyte culture in monolayer. (A) Analysis of liver specific gene
expression. In vitro differentiation of arHMSCs induced a significant increase in the transcript levels of
CYP1A2, CYP3A2 and albumin. There was no significant difference in the expression of CYP2B1/2 and HNF
4o between arHMSCs, arHMSC-Hs and primary rat hepatocytes. (B-D) Synthetic and metabolic function of
arHMSC-Hs. Urea synthesis, albumin production and enzyme CYP1A2 activity were significantly enhanced
after in vitro differentiation of arHMSC:s. Data plotted as mean =+ s.e.m of three independent experiments
performed in triplicates An asterisk indicates statistical significance with a confidence interval of 95% (p < 0.05)
using Student’s t-test.

Drugs rALMSC-H IC;, (uM) | Hepatocyte (uM) Cmax in rats (uM) | rALMSC-H IC,,/Cmax
Chlorpromazine 3.6 4.7 0.3% 12

Ketoconazole 155.5 125.5 37% 4.2

Flutamide 128.4 130.8 24,23 53

Quinidine 496.3 298.6 Not available

Diclofenac 459.9 138.8 33.7% 13.6

APAP 35600 14300 728% 48.9

Table 1. IC50 values measured for 6 paradigm hepatotoxic drugs using arHMSC-Hs and primary hepatocytes.

to mature hepatocytes in parallel to study the utility for hepatotoxicity testing (Table 1). arHMSC-Hs and mature
primary hepatocytes exhibited similar dose-response characteristics with similar sensitivity for chlorproma-
zine, ketoconazole and flutamide compared to mature primary hepatocytes, whereas hepatotoxic responses to
quinidine, diclofenac and APAP were not as sensitive as mature primary hepatocytes (Fig. 6). This indicates that
arHMSC-Hs had similar dose-response characteristics to mature primary hepatocytes for the selected paradigm
hepatotoxicants.

Discussion

We have derived a hepatocyte-like cell source from healthy adult rat livers and characterized its utility for hepato-
genic differentiation and drug safety testing in vitro. The arHMSCs are derived from the mature hepatocytes with-
out the use of toxic chemicals or reprogramming using retroviruses. Furthermore, the ability to acquire metabolic
hepatocyte functions with the ability to expand arHMSC may allow these cells to be exploited as an alternative
model for pharmaceutical drug-testing applications or eventually in individualized therapeutic applications.
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Figure 6. Dose response characteristics of arHMSC-Hs compared with primary rat hepatocytes upon
treatment with paradigm hepatotoxicants. (A) Chlorpromazine, (B) Flutamide, (C) Quinidine, (D) Diclofenac,
(E) Ketoconazole and (F) APAP. arHMSC-Hs and primary rat hepatocytes exhibited comparable dose response
characteristics for chlorpromazine, ketoconazole and flutamide compared to primary rat hepatocytes suggesting
the potential use of these cells for studying drug DMPK and toxicity properties. (O: arHMSC-H, A: primary
rat hepatocytes). Data plotted as mean =+ s.e.m of three independent experiments performed in triplicates from
three independent differentiations.

It is understood that most adult tissues harbor stem cells and progenitor cells, which are capable of differenti-
ating into mature cells of that particular tissue. The best-characterized progenitor cells in liver are oval cells**?*.
Recent studies have shown that in the adult liver in vivo, the mature hepatocytes can dedifferentiate into oval cells,
which in turn provides hepatocytes and cholangiocytes® 2. These studies provide new hope for deriving hepat-
ocytes from mature hepatocytes by first dedifferentiating hepatocytes into progenitor-like cells and then expand
this dedifferentiated progenitor-like cells to act as a source for deriving hepatocyte-like cells. Such an approach
could provide an alternate source of hepatocytes for drug screening application.

Here we have also performed a series of experiments to track the derivation of arHMSCs from a mature
rat hepatocyte population in an in vitro culture. Time-lapse imaging of the hepatocytes, lineage tracking using
GFP-Ftractin, demonstrated that arHMSCs originated from mature rat hepatocytes. The time-lapse images
demonstrate two distinct phases involved in the dedifferentiation of the rat hepatocytes to arHMSCs. The first
phase of dedifferentiation from day 5 of dedifferentiation to day 6 involved cell condensation or shrinkage of
the hepatocyte islands after which arHMSCs appeared from these clustered cells and proliferated to give rise
to a homogenous arHMSC culture. Interestingly the cells expressed mesenchymal markers such as vimentin,
alpha-smooth muscle actin and were positive for CD90, CD44 and CD29. The cells were however negative for
CD45 (Fig. 2B), a hematopoietic marker*!. Our arHMSCs were different from that derived by other groups, and
predominantly expressing mesenchymal markers. The role of EMT in liver development and regeneration is well
understood”. Here we confirmed the role of EMT in the derivation of arHMSCs from mature rat hepatocytes.

Having demonstrated and characterized the origin and the phenotype of arHMSCs from the adult rat hepat-
ocytes, we further demonstrate the ability of arHMSCs to differentiate into hepatocyte-like cells and application
for studying dose-response characteristics. arHMSC-Hs expressed lower hepatocyte-specific functions compared
to those observed in mature hepatocytes. This is similar to findings from other groups that have attempted to
differentiate embryonic stem cells (ESC) or induced pluripotent cells (iPS) cells into mature hepatocytes and
observed fetal hepatocyte-like functionality?®-%°. This highlights a limitation of directed differentiation protocols
in producing mature hepatocytes. Previous differentiation studies of arHMSCs to hepatocytes have shown contra-
dictory results. Chen et al. could not derive hepatocytes from their progenitors, whereas the work by Sahin et al.!
could show directed differentiation of the liver derived progenitor cells (LDPCs) to hepatocytes; however, they
were not characterized for their metabolic function and drug-testing applications. The work by Maerckx et al.,
had demonstrated that the differentiated rat progenitor cells express albumin but not important hepatic specific
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markers such as HNF'"®. During differentiation, our arHMSCs undergo morphological changes from a mesen-
chymal spindle-shaped morphology to a more epithelial morphology similar to hepatocytes®. arHMSC-Hs were
positive for albumin, an important protein synthesized by mature hepatocytes. arHMSC-Hs also demonstrated
increased urea secretion, an important hepatocyte-specific function that is not detected in arHMSCs and other
progenitor cells. The levels of albumin secretion in our differentiated arHMSC-Hs were lower than that described
by Sahin et al. This could be due to the characteristics of the progenitor cells expressing CD 45 in their study that
were rounded and morphologically distinct from the arHMSCs described in our work!. Further, their albumin
secretion was estimated in 2-weeks conditioned media while we tested albumin secretion after a 24 hour condi-
tioning. The differentiated arHMSCs demonstrated significantly increased expression levels of CYP 1A2, 3A2 and
albumin compared to the undifferentiated arHMSCs. arHMSC-Hs retained similar HNF4 alpha expression levels
as arHMSCs, which is an early hepatocyte marker. These differentiated markers were significantly lower com-
pared to the mature primary hepatocytes. However, this is similar to what has been observed with current differ-
entiation protocols using ES and iPS cells wherein the hepatocytes obtained express fetal hepatocyte-like markers
and are not mature when compared to primary human hepatocytes?. The expression of hepatocyte-specific gene
and phenotypic markers in in vitro differentiated arHMSC:s offers potential to study dose-response characteristics
of selected paradigm hepatotoxicants for drug screening applications. The differentiated arHMSCs demonstrated
similar dose-response characteristics compared to adult rat hepatocytes for the 3 drugs chlorpromazine, keto-
conazole and flutamide. The arHMSC-Hs demonstrated a 2 fold lower sensitivity for quinidine, diclofenac and
APAP. Different cell sources (either from different organism or derived from different source such as iPSC or
ESC) have different sensitivity to different drugs®!. In the current study, since the derived hepatocyte-like cells
are similar but not entirely the same as the mature hepatocytes in functionality, there are some differences in sen-
sitivity for different hepatotoxicants. The ICs, obtained for 5 of the 6 hepatotoxicants tested was within 50*Cmax
which is comparable to that obtained with mature primary hepatocytes®-*¢ which is the current gold standard
for hepatotoxicity testing in vitro making this cell type a suitable model for evaluating concentration responses®.

In conclusion, our study demonstrates the origin of arHMSCs from the adult hepatocytes and the utility of
these self-renewing cells to derive hepatocyte-like cells for hepatotoxicity screening. Further efforts are needed
to improve the maturity of these differentiated arHMSCs to enhance its hepatocyte-specific functions for use in
therapeutic applications.

Materials and Methods
All chemicals were purchased from Sigma Aldrich Singapore unless otherwise stated.

Collagen coating. Neutralized collagen solutions of 1.5 mg/mL & 0.5 mg/mL were prepared by mixing Type
I bovine dermal collagen (INAMED BioMaterials Corp, USA), 0.1 M sodium hydroxide (NaOH), 10 x phos-
phate buffered saline (PBS) and 1 x PBS. Plates for arHMSCs differentiation and primary hepatocyte culture were
coated with 1.5mg/mL and 0.5 mg/mL neutralized collagen respectively at room temperature for at least half an
hour and incubated at 37 °C for an hour.

Rat hepatocyte isolation. Rat primary hepatocytes were isolated from male Wistar rats weighing between
200g to 300 g using a two-step in situ collagenase perfusion method*®. 200-300 million cells (viability > 90%,
Trypan Blue exclusion assay) were harvested from each rat. The cells obtained were subjected to fractionation
to purify the hepatocytes from the non-parenchymal cells. However, we did not perform flow cytometry to iso-
late and plate the pure hepatocyte population. The animals were obtained from InVivos, Singapore. All experi-
ments were carried out in accordance to the IACUC protocol approved by the IACUC committee of the National
University of Singapore; protocol number R15-0027.

arHMSCs isolation and culture.  Primary hepatocytes were seeded at a density of 4 x 10* cells/cm? onto
0.5mg/mL collagen coated flasks in Williams’ E media supplemented with 1 mg/mL bovine serum albumin
(BSA), 0.5 mg/mL insulin, 5nM dexamethasone, 50 ng/mL linoleic acid, 100 units/mL penicillin and 100 mg/
mL streptomycin (P/S) at 37 °C in a humidified atmosphere containing 5% CO,. Culture medium was changed
after 4hours to Dulbecco’s modified eagle’s medium (DMEM) low glucose (Gibco, Singapore) supplemented
with 3500 mg/L D-glucose, 1200 mg/L HEPES, 1300 mg/L sodium bicarbonate, 10% FBS and 1% P/S. Media was
refreshed every 3-4 days thereafter. arHMSCs began to appear and proliferate after 5 days in culture. The cells
were then trypsinized 7 days after culture with 0.25% trypsin-EDTA after reaching 90% confluence, and re-plated
at 1 x 10* cells/cm? on collagen-coated flasks.

Hepatogenic differentiation of arHMSCs. arHMSCs (from the fourth passage onwards) were seeded on
collagen coated plates at a density of 1.4 x 10* cells/cm?. Cells were maintained in DMEM supplemented with 10%
FBS and 1% P/S until they were 80-90% confluent. For hepatogenic differentiation, DMEM media was switched
to basal differentiation medium containing 60% DMEM low glucose (Gibco, Singapore), 40% MCDB 201 water,
0.25x linoleic acid — bovine serum albumin, 0.5% fetal bovine serum (FBS), 0.25x insulin-transferrin-selenium,
100 IU/mL penicillin, 100 mg/mL streptomycin (Cellgro 30-002-CI, USA), 0.1 mM, L- ascorbic acid, 107*pM
dexamethasone and 55 mM 2-mercaptoethanol (Gibco, Singapore)*. Undifferentiated arHMSCs were incubated
with basal differentiation media supplemented with 20 ng/mL epidermal growth factor (EGF) (R&D Systems,
USA) and 10 ng/mL fibroblast growth factor-4 (FGF-4) (R&D Systems, USA) for pre-differentiation for 2 days.
Thereafter, cells were induced to differentiate for 7 days with basal differentiation media containing 20 ng/
mL hepatocyte growth factor (HGF) (R&D Systems, USA), 10 ng/mL FGF-4 and 0.61 g/L nicotinamide. For
subsequent maturation steps, cells were treated with basal differentiation media supplemented with 20 ng/mL
hepatocyte growth factor (HGF) (R&D Systems, USA), 20 ng/mL oncostatin M (R&D Systems, USA), 0.61 g/L
nicotinamide and 1 uM dexamethasone for 7 days. Culture medium was changed every 2 days.
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Liveimaging. Cells were seeded in collagen coated plates and continuously tracked using live cell imaging
and analysis platform Cell-IQ® (CM Technologies Oy, Finland), which maintained the cells at 37 °C with 5% CO,
and monitored the cells using phase contrast microscopy. Cells were imaged continuously for 7 days.

Transfection and time lapse imaging of hepatocytes. Primary hepatocytes were seeded at a density
of 4 x 10* cells/cm? onto 0.5 mg/mL collagen coated 6 well plate in supplemented Williams’ E media (as described
above) and cultured at 37°C in a humidified atmosphere containing 5% CO, for 2 hours to allow hepatocytes to
attach. Hepatocytes were than transfected with GFP/GFP-Ftractin plasmid using Lipofectamine® 2000 according
to the manufacturer’s protocol. Briefly plasmid (2 ug) was mixed with 4 pL lipofectamine in 500 uL supplemented
WE media (devoid of antibiotics). This solution was incubated at room temperature for 20 minutes and added to
hepatocytes cultured in 6 well plate and incubated for 3 hr. Hepatocytes were then washed in 1 x PBS and cul-
ture medium was changed to DMEM low glucose (Gibco, Singapore) supplemented with 3500 mg/L D-glucose,
1200 mg/L HEPES, 1300 mg/L sodium bicarbonate, 10% FBS and 1% P/S. Media was refreshed every 3-4 days
thereafter. The cells were imaged using the EZ Olympus microscope from day 4 to day 7 at an interval of 4 hours.
Subsequently, the cells were stained (as described in section 2.8) and were imaged using the EZ Olympus micro-
scope. The same cells were imaged during live cell tracking and after fixation.

Flow cytometry. arHMSCs were trypsinized and suspended at a concentration of 1.5 x 10* cells/pL in
1x PBS with 10% fetal bovine serum (FBS) (Biowest, USA). 95 uL cell suspension and 5 pL antibody (CD29-
PE, CD44-FITC, CD45-FITC CD90-FITC, ASGPR- PE) (BD Pharmingen, Singapore) were mixed and incu-
bated at 4 °C for 30 min. Cells were washed three times and analyzed with a FACSCanto II flow cytometer (BD
LSRFortessa™, USA). The data was plotted and analyzed using FlowJo (Tree Star Inc., USA).

Fluorescence staining. arHMSCs and arHMSC-Hs were fixed with 3.7% paraformaldehyde (PFA) for
20min at 37 °C and permeabilized thereafter with 0.1% Triton X-100 in PBS for 10 min. Nonspecific binding was
prevented by blocking the permeabilized cells for 1 hour in a PBS solution containing 2% BSA at room temper-
ature. Cells were then incubated with primary antibodies (anti-alpha smooth muscle actin antibody (a-SMA),
phalloidin (Molecular Probes, USA), anti-vimentin, anti-albumin (Abcam, UK), anti-cytokeratin 19 (Abcam,
UK), N-Cadherin (Life technologies, USA) in the PBS solution with 2% BSA (1:100) overnight at 4 °C. Cells were
then washed three times the next day with gentle shaking in PBS and incubated for 2hours with either rabbit or
mouse secondary antibodies (Bioworld, USA) at room temperature. After washing three times in PBS, nuclei were
stained for 5 min with the nuclear dye DAPI (1:1,000). After three rinses, samples were imaged using confocal
microscopy (Fluoview FV 500, Olympus, USA) using a 10 air & 60X water lens. Images were processed using
IMARIS (Bitplane Technologies, USA).

Hepatocyte functional assays. Albumin production was measured using a rat albumin ELISA quanti-
tation kit (Bethyl laboratories Inc., USA). Urea synthesis was measured using a urea nitrogen kit (Stanbio lab-
oratory, USA). For CYP1A2 activity analysis, CYP specific probe substrate (200 .M phenacetin) was diluted in
Krebs-Henseleit buffer (KHB) and incubated with the cells for 1.5 hours. The supernatant were collected and
stored at —80 °C until being measured by liquid chromatography-mass spectrometry (LC/MS). All functional
data were normalized to one million cells by using a Quant-iT™ picoGreen dsDNA assay kit (Invitrogen,
Singapore).

Quantitative reverse-transcription polymerase chain reaction (QRT-PCR). Total RNA was iso-
lated using a Total RNA kit I (Omega, USA) and was converted to cDNA using an iScript™ cDNA synthesis kit
(Biorad, USA). 12.5 ng of cDNA was used to perform qRT-PCR using SYBR green I Master (Roche, USA). Gene
expression was performed using rat specific primers and normalized to GAPDH. Data was plotted as a Log,
transcript over GAPDH.

Drug-induced hepatotoxicity. Primary rat hepatocyte cultures were used for drug-testing one (1) day
post seeding and differentiated arHMSCs were used for hepatotoxicity testing after 14 days of differentiation and
maturation. Cells were treated with APAP, diclofenac, ketoconazole, chlorpromazine, flutamide or quinidine at
four different concentrations for 24 hours. The drugs were dissolved in DMSO and the final concentrations of
DMSO in the medium were kept at less than 0.1%. Blank and drug sample have equal amount of DMSO (equiva-
lent to DMSO at the highest drug concentration). Cell viability was measured by MTS assay using the CellTiter 96
Aqueous One solution (Promega, USA) which is routinely a used method to measure hepatocyte toxicity.

LC/MS measurement of CYP specific metabolites. 300uL of sample containing metabolites were
mixed with 100 pL of 100 ng/mL internal standard APAP-D4 and dried using a concentrator at 30 °C (Eppendorf,
Germany) under vacuum. The dried residues were reconstituted using 100 L. methanol containing 0.1% formic
acid and centrifuged at 10, 000 rpm for 10 min at 4°C. 80 puL of supernatant was then transferred to the LC/MS
sample vials and used for measurement by LC/MS system (LC: 1100 series, Agilent, Singapore; MS: LCQ Deca XP
Max, Finnigan, Singapore) with 100 x 3.0 mm onyx-monolithic C18 column (Phenomenex, USA). The mobile
phase consisted of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in methanol) with a
flow rate of 0.8 mL/min. The elution scheme for the measurement of acetaminophen involved solvent B that was
gradually increased from 6% to 90% over 6 min. The MS parameter settings were as follows: spray voltage 5kV;
sheath gas flow rate: 80; auxiliary gas flow rate: 20; capillary temperature: 350 °C; tube lens: 45 V; and capillary
voltage: 30 V.
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Statistical method. The Student’s t-test was used to analyze the statistical significance of the data between
two groups. Sign test was used to analyse the difference in morphology of individual cells during the course
of EMT. For drug testing, we generated three independent arHMSC lines (from different lot of rat hepatocyte
isolated on different days) and the data presented represents a mean on such three independent arHMSC lines.
Values with p < 0.05 were considered statistically significant.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ananthanarayanan, A., Narmada, B. C., Mo, X., McMillian, M. & Yu, H. Purpose-driven biomaterials research in liver-tissue
engineering. Trends in biotechnology 29, 110-118, https://doi.org/10.1016/j.tibtech.2010.10.006 (2011).

. Gupta, K. et al. In Comprehensive Biomaterials (Second Edition) 491-512 (Elsevier, 2017).
. Song, Z. et al. Mechanosensing in liver regeneration. Semin Cell Dev Biol. https://doi.org/10.1016/j.semcdb.2017.07.041 (2017).
. Vazin, T. & Freed, W. J. Human embryonic stem cells: derivation, culture, and differentiation: a review. Restorative neurology and

neuroscience 28, 589-603, https://doi.org/10.3233/RNN-2010-0543 (2010).

. Miyajima, A., Tanaka, M. & Itoh, T. Stem/progenitor cells in liver development, homeostasis, regeneration, and reprogramming. Cell

stem cell 14, 561-574, https://doi.org/10.1016/j.stem.2014.04.010 (2014).

. Shupe, T. D,, Piscaglia, A. C., Oh, S. H., Gasbarrini, A. & Petersen, B. E. Isolation and characterization of hepatic stem cells, or “oval

cells,” from rat livers. Methods in molecular biology 482, 387-405, https://doi.org/10.1007/978-1-59745-060-7_24 (2009).

. Hantz, O. et al. Persistence of the hepatitis B virus covalently closed circular DNA in HepaRG human hepatocyte-like cells. The

Journal of general virology 90, 127-135, https://doi.org/10.1099/vir.0.004861-0 (2009).

. Yoon, S. M. et al. Epithelial cell adhesion molecule (EpCAM) marks hepatocytes newly derived from stem/progenitor cells in

humans. Hepatology 53, 964-973, https://doi.org/10.1002/hep.24122 (2011).

. Tarlow, B. D. et al. Bipotential adult liver progenitors are derived from chronically injured mature hepatocytes. Cell stem cell 15,

605-618, https://doi.org/10.1016/j.stem.2014.09.008 (2014).

Tanimizu, N., Nishikawa, Y., Ichinohe, N., Akiyama, H. & Mitaka, T. Sry HMG box protein 9-positive (Sox9-) epithelial cell
adhesion molecule-negative (EpCAM-) biphenotypic cells derived from hepatocytes are involved in mouse liver regeneration. The
Journal of biological chemistry 289, 7589-7598, https://doi.org/10.1074/jbc.M113.517243 (2014).

Jeliazkova, P. et al. Canonical Notch2 signaling determines biliary cell fates of embryonic hepatoblasts and adult hepatocytes
independent of Hes1. Hepatology 57, 2469-2479, https://doi.org/10.1002/hep.26254 (2013).

Tarlow, B. D., Finegold, M. J. & Grompe, M. Clonal tracing of Sox9+ liver progenitors in mouse oval cell injury. Hepatology 60,
278-289, https://doi.org/10.1002/hep.27084 (2014).

Chen, Y., Wong, P. P, Sjeklocha, L., Steer, C. J. & Sahin, M. B. Mature hepatocytes exhibit unexpected plasticity by direct
dedifferentiation into liver progenitor cells in culture. Hepatology 55, 563-574, https://doi.org/10.1002/hep.24712 (2012).

Sahin, M. B. et al. Isolation and characterization of a novel population of progenitor cells from unmanipulated rat liver. Liver
transplantation: official publication of the American Association for the Study of Liver Diseases and the International Liver
Transplantation Society 14, 333-345, https://doi.org/10.1002/1t.21380 (2008).

Maerckx, C. et al. Hepato-biliary profile of potential candidate liver progenitor cells from healthy rat liver. World journal of
gastroenterology 18, 3511-3519, https://doi.org/10.3748/wjg.v18.i27.3511 (2012).

Gupta, K. et al. Actomyosin contractility drives bile regurgitation as an early response during obstructive cholestasis. ] Hepatol 66,
1231-1240, https://doi.org/10.1016/j.jhep.2017.01.026 (2017).

Belin, B. J., Goins, L. M. & Mullins, R. D. Comparative analysis of tools for live cell imaging of actin network architecture.
Bioarchitecture 4, 189-202, https://doi.org/10.1080/19490992.2014.1047714 (2014).

Du, Y. et al. Synthetic sandwich culture of 3D hepatocyte monolayer. Biomaterials 29, 290-301, https://doi.org/10.1016/j.
biomaterials.2007.09.016 (2008).

Satelli, A. & Li, S. Vimentin in cancer and its potential as a molecular target for cancer therapy. Cellular and molecular life sciences:
CMLS 68, 3033-3046, https://doi.org/10.1007/s00018-011-0735-1 (2011).

Lee, K. D. et al. In vitro hepatic differentiation of human mesenchymal stem cells. Hepatology 40, 1275-1284, https://doi.org/10.1002/
hep.20469 (2004).

Mimeault, M. & Batra, S. K. Recent progress on tissue-resident adult stem cell biology and their therapeutic implications. Stem cell
reviews 4, 27-49, https://doi.org/10.1007/s12015-008-9008-2 (2008).

Erker, L. & Grompe, M. Signaling networks in hepatic oval cell activation. Stem cell research 1, 90-102, https://doi.org/10.1016/].
5cr.2008.01.002 (2007).

Gaub, J. & Iversen, J. Rat liver regeneration after 90% partial hepatectomy. Hepatology 4, 902-904 (1984).

Ogata, K. et al. Identification and hematopoietic potential of CD45- clonal cells with very immature phenotype (CD45-CD34-
CD38-Lin-) in patients with myelodysplastic syndromes. Stem cells 23, 619-630, https://doi.org/10.1634/stemcells.2004-0280
(2005).

Choi, S. S. & Diehl, A. M. Epithelial-to-mesenchymal transitions in the liver. Hepatology 50, 2007-2013, https://doi.org/10.1002/
hep.23196 (2009).

Schwartz, R. E., Fleming, H. E., Khetani, S. R. & Bhatia, S. N. Pluripotent stem cell-derived hepatocyte-like cells. Biotechnology
advances 32, 504-513, https://doi.org/10.1016/j.biotechadv.2014.01.003 (2014).

Gieseck, R. L. III et al. Maturation of induced pluripotent stem cell derived hepatocytes by 3D-culture. PLoS One 9, 86372, https://
doi.org/10.1371/journal.pone.0086372 (2014).

Si-Tayeb, K. et al. Highly efficient generation of human hepatocyte-like cells from induced pluripotent stem cells. Hepatology 51,
297-305, https://doi.org/10.1002/hep.23354 (2010).

Tasnim, F. et al. Functionally Enhanced Human Stem Cell Derived Hepatocytes in Galactosylated Cellulosic Sponges for
Hepatotoxicity Testing. Mol Pharm 13, 1947-1957, https://doi.org/10.1021/acs.molpharmaceut.6b00119 (2016).

Baharvand, H., Hashemi, S. M., Kazemi Ashtiani, S. & Farrokhi, A. Differentiation of human embryonic stem cells into hepatocytes
in 2D and 3D culture systems in vitro. The International journal of developmental biology 50, 645-652, https://doi.org/10.1387/
ijdb.052072hb (2006).

Wang, J. et al. Engineering EMT using 3D micro-scaffold to promote hepatic functions for drug hepatotoxicity evaluation.
Biomaterials 91, 11-22, https://doi.org/10.1016/j.biomaterials.2016.03.001 (2016).

Imamura, Y., Harada, S., Okano, Y., Miyata, T. & Otagiri, M. The effect of metoclopramide on the absorption and pharmacology of
chlorpromazine in the rat. J Pharm Pharmacol 40, 116-119, https://doi.org/10.1111/j.2042-7158.1988.tb05193.x (1988).

Hamdy, D. A. & Brocks, D. R. Nonlinear stereoselective pharmacokinetics of ketoconazole in rat after administration of racemate.
Chirality 21, 704-712, https://doi.org/10.1002/chir.20669 (2009).

Xu, C.J. & Li, D. Pharmacokinetics of flutamide and its metabolite 2-hydroxyflutamide in normal and hepatic injury rats. Zhongguo
yao li xue bao = Acta pharmacologica Sinica 19, 39-43 (1998).

Leon-Reyes, M. R., Castaneda-Hernandez, G. & Ortiz, M. I. PharmacoKkinetic of diclofenac in the presence and absence of
glibenclamide in the rat. Journal of pharmacy & pharmaceutical sciences: a publication of the Canadian Society for Pharmaceutical
Sciences, Societe canadienne des sciences pharmaceutiques 12, 280-287 (2009).

SCIENTIFICREPORTS | (2018) 8:2818 | DOI:10.1038/s41598-018-20304-5 11


http://dx.doi.org/10.1016/j.tibtech.2010.10.006
http://dx.doi.org/10.1016/j.semcdb.2017.07.041
http://dx.doi.org/10.3233/RNN-2010-0543
http://dx.doi.org/10.1016/j.stem.2014.04.010
http://dx.doi.org/10.1007/978-1-59745-060-7_24
http://dx.doi.org/10.1099/vir.0.004861-0
http://dx.doi.org/10.1002/hep.24122
http://dx.doi.org/10.1016/j.stem.2014.09.008
http://dx.doi.org/10.1074/jbc.M113.517243
http://dx.doi.org/10.1002/hep.26254
http://dx.doi.org/10.1002/hep.27084
http://dx.doi.org/10.1002/hep.24712
http://dx.doi.org/10.1002/lt.21380
http://dx.doi.org/10.3748/wjg.v18.i27.3511
http://dx.doi.org/10.1016/j.jhep.2017.01.026
http://dx.doi.org/10.1080/19490992.2014.1047714
http://dx.doi.org/10.1016/j.biomaterials.2007.09.016
http://dx.doi.org/10.1016/j.biomaterials.2007.09.016
http://dx.doi.org/10.1007/s00018-011-0735-1
http://dx.doi.org/10.1002/hep.20469
http://dx.doi.org/10.1002/hep.20469
http://dx.doi.org/10.1007/s12015-008-9008-2
http://dx.doi.org/10.1016/j.scr.2008.01.002
http://dx.doi.org/10.1016/j.scr.2008.01.002
http://dx.doi.org/10.1634/stemcells.2004-0280
http://dx.doi.org/10.1002/hep.23196
http://dx.doi.org/10.1002/hep.23196
http://dx.doi.org/10.1016/j.biotechadv.2014.01.003
http://dx.doi.org/10.1371/journal.pone.0086372
http://dx.doi.org/10.1371/journal.pone.0086372
http://dx.doi.org/10.1002/hep.23354
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00119
http://dx.doi.org/10.1387/ijdb.052072hb
http://dx.doi.org/10.1387/ijdb.052072hb
http://dx.doi.org/10.1016/j.biomaterials.2016.03.001
http://dx.doi.org/10.1111/j.2042-7158.1988.tb05193.x
http://dx.doi.org/10.1002/chir.20669

www.nature.com/scientificreports/

36. Jang, S. H., Lee, M. H. & Lee, M. G. Pharmacokinetics of acetaminophen after intravenous and oral administration to spontaneously
hypertensive rats and normotensive Wistar rats. ] Pharm Sci 83, 810-814, https://doi.org/10.1002/jps.2600830610 (1994).

37. Burbank, M. G. et al. Early Alterations of Bile Canaliculi Dynamics and the Rho Kinase/Myosin Light Chain Kinase Pathway Are
Characteristics of Drug-Induced Intrahepatic Cholestasis. Drug Metab Dispos 44, 1780-1793, https://doi.org/10.1124/
dmd.116.071373 (2016).

38. Seglen, P. O. Preparation of isolated rat liver cells. Methods in cell biology 13, 29-83 (1976).

39. Roelandt, P, Sancho-Bru, P.,, Pauwelyn, K. & Verfaillie, C. Differentiation of rat multipotent adult progenitor cells to functional
hepatocyte-like cells by mimicking embryonic liver development. Nature protocols 5, 1324-1336, https://doi.org/10.1038/
nprot.2010.80 (2010).

40. Imamura, Y., Harada, S., Okano, Y., Miyata, T. & Otagiri, M. The Effect of Metoclopramide on the Absorption and Pharmacology of
Chlorpromazine in the Rat. Journal of Pharmacy and Pharmacology 40, 116-119, https://doi.org/10.1111/j.2042-7158.1988.
th05193.x (1988).

41. Jang, S. H., Lee, M. H. & Lee, M. G. Pharmacokinetics of Acetaminophen after Intravenous and Oral Administration to
Spontaneously Hypertensive Rats and Normotensive Wistar Rats. Journal of Pharmaceutical Sciences 83, 810-814, https://doi.
0rg/10.1002/jps.2600830610 (1994).

Acknowledgements

This work is supported in part by the Institute of Bioengineering and Nanotechnology, Biomedical Research
Council, A*STAR; Joint Council Office grant IBN/13-J51002; National Medical Research Council, CBRG grant;
SMART BioSyM; Mechanobiology Institute of Singapore (R-714-001-003-271, Funded by National Research
Foundation, Prime Minister’s Office, Singapore) funding to HYU; Guangzhou Science and Technology Research
Program (2014J4500013) and Guangdong Science and Technology Research Program (2014A050503041). We
thank the Microscopy Core at the Mechanobiology Institute, National University of Singapore for their help with
microscopy. KG is a Mechanobiology Institute PhD scholar.

Author Contributions

X.L.,K.G., A.A,, HY. and L.S. designed the project and experiments. A.A., X.L., Z.W.,, K.G., A.L. and R.B.S.
performed the experiments and analyze the data. H.Y. and L.S. provided resources for the work. A.A., X.L., K.G.
and H.Y. wrote the paper and all authors reviewed and edited the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20304-5.

Competing Interests: Hanry Yu declares that he is the founding scientist with minority share in HistoIndex
Pte Ltd (http://www.histoindex.com), Pishon Biomedical Co. Ltd (http://www.bbbmd.com.tw/en/index.php)
and Invitrocue (Pte) Ltd (http://www.invitrocue.com/) that have business interest in the area of imaging liver
diseases, selling products or providing hepatotoxicity testing services but have no conflict of interest with the
work presented in this manuscript.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:2818 | DOI:10.1038/s41598-018-20304-5 12


http://dx.doi.org/10.1002/jps.2600830610
http://dx.doi.org/10.1124/dmd.116.071373
http://dx.doi.org/10.1124/dmd.116.071373
http://dx.doi.org/10.1038/nprot.2010.80
http://dx.doi.org/10.1038/nprot.2010.80
http://dx.doi.org/10.1111/j.2042-7158.1988.tb05193.x
http://dx.doi.org/10.1111/j.2042-7158.1988.tb05193.x
http://dx.doi.org/10.1002/jps.2600830610
http://dx.doi.org/10.1002/jps.2600830610
http://dx.doi.org/10.1038/s41598-018-20304-5
http://www.histoindex.com
http://www.bbbmd.com.tw/en/index.php
http://www.invitrocue.com/
http://creativecommons.org/licenses/by/4.0/

	Directed Differentiation of Adult Liver Derived Mesenchymal Like Stem Cells into Functional Hepatocytes

	Results

	Derivation of arHMSCs from primary rat hepatocytes. 
	Characterization of arHMSCs. 
	In vitro differentiation from arHMSCs to arHMSC-Hs. 
	hepatocyte-specific gene expression. 
	Synthetic and metabolic function of arHMSC-Hs. 
	Dose response to paradigm hepatotoxicants. 

	Discussion

	Materials and Methods

	Collagen coating. 
	Rat hepatocyte isolation. 
	arHMSCs isolation and culture. 
	Hepatogenic differentiation of arHMSCs. 
	Live imaging. 
	Transfection and time lapse imaging of hepatocytes. 
	Flow cytometry. 
	Fluorescence staining. 
	Hepatocyte functional assays. 
	Quantitative reverse-transcription polymerase chain reaction (qRT-PCR). 
	Drug-induced hepatotoxicity. 
	LC/MS measurement of CYP specific metabolites. 
	Statistical method. 

	Acknowledgements

	Figure 1 Time lapse imaging of transformation of primary rat hepatocytes to arHMSCs.
	Figure 2 Single cell lineage tracking of transformation of hepatocytes to arHMSCs.
	Figure 3 Characterization of arHMSCs.
	Figure 4 In vitro differentiation of arHMSCs.
	Figure 5 Characterization of arHMSC-Hs.
	Figure 6 Dose response characteristics of arHMSC-Hs compared with primary rat hepatocytes upon treatment with paradigm hepatotoxicants.
	Table 1 IC50 values measured for 6 paradigm hepatotoxic drugs using arHMSC-Hs and primary hepatocytes.




