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Abstract

Endogenous cell signals regulate tissue homeostasis and are significant for directing the fate of
stem cells. During liver development, cytokines released from various cell types are critical for
stem/progenitor cell differentiation and lineage expansions. To determine mechanisms in these
stage-specific lineage interactions, we modeled potential effects of soluble signals derived from
immortalized human fetal liver parenchymal cells on stem cells, including embryonic and induced
pluripotent stem cells. For identifying lineage conversion and maturation, we utilized conventional
assays of cell morphology, gene expression analysis and lineage markers. Molecular pathway
analysis used functional genomics approaches. Metabolic properties were analyzed to determine
the extent of hepatic differentiation. Cell transplantation studies were performed in mice with
drug-induced acute liver failure to elicit benefits in hepatic support and tissue regeneration. These
studies showed signals emanating from fetal liver cells induced hepatic differentiation in stem
cells. Gene expression profiling and comparison of regulatory networks in immature and mature
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hepatocytes revealed stem cell-derived hepatocytes represented early fetal-like stage.
Unexpectedly, differentiation-inducing soluble signals constituted metabolomics products and not
proteins. In stem cells exposed to signals from fetal cells, mechanistic gene networks of upstream
regulators decreased pluripotency, while simultaneously inducing mesenchymal and epithelial
properties. The extent of metabolic and synthetic functions in stem cell-derived hepatocytes was
sufficient for providing hepatic support along with promotion of tissue repair to rescue mice in
acute liver failure. During this rescue, paracrine factors from transplanted cells contributed in
stimulating liver regeneration. We concluded that hepatic differentiation of pluripotent stem cells
with metabolomics products will be significant for developing therapies. The differentiation
mechanisms involving metabolomics products could have an impact on advancing recruitment of
stem/progenitor cells during tissue homeostasis.
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INTRODUCTION

Hepatic differentiation of human pluripotent stem cells (PSC), i.e., embryonic stem cells
(hESC) or induced pluripotent stem cells (hiPSC), is needed for disease models,
translational applications and cell therapy. Protocols that allow stem cell differentiation in
rapid, efficient and inexpensive ways will advance these areas, but defining suitable signals
and cues requires more progress. Previously, lineages from PSC were generated through
embryoid bodies [1], incorporation of chemicals and cytokines (dexamethasone, activin A,
retinoic acid, HGF, oncostatin M, others) [2-7], some of which might have contributed
cytoprotective or growth-inducing properties. or co-culture with nonparenchymal liver cell
types (endothelial, stellate cell or cholangiocyte cell lines) [8], but inductive signals directing
differentiation remained unknown. Separating differentiated cells from complex mixtures
was especially important because mixed cell populations incorporating undifferentiated or
less differentiated cell types may result in tumorigenesis [9]. Subsequently, adoption of step-
wise signals deduced from hepatic ontology helped in guiding differentiation of PSC [10-
13]. Also, nuclear reprogramming by transcription factors (TFs) was helpful: For instance,
pancreatic beta cells were generated from fetal hepatoblasts (by expressing the homeobox
gene, PDX1) [14]; or hepatocytes from fibroblasts (by combined expression of TFs -
FOXA3, HNFla and HNF4a; or HNFla, HNF4a, HNF6, ATF5, PROX1, and CEBPa) [15,
16]. More recent studies emphasized that step-wise switches to coordinate multiple
intracellular pathways improved hepatic differentiation [17].

Cell transplantation studies in mouse models have been appropriate for verifying metabolic
properties in stem cell-derived cells, e.g., through amelioration of diabetes (beta cells) or
detoxification functions (hepatocytes) [14, 16]. However, proliferation in mice of human
cells, including stem cell-derived hepatocytes is generally restricted. This has required
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addition of oncogenes, such as SV40 T antigen in transplantation studies [16, 17]. On the
other hand, transgene integrants, including constructs of TFs, may be deleterious due to
insertional mutagenesis. Therefore, alternative approaches are of major interest for nuclear
reprogramming, e.g., small molecules. Chemicals have been successfully used in
conjunction with HNFa for reprogramming fibroblasts from mesenchymal to epithelial fate
[18]. Remarkably, in mouse ESC exposure to metabolomics or other small molecules led to
either maintenance of pluripotency or increased differentiation (cardiac or neuronal) [19,
20]. These molecules were proposed to have altered intracellular redox states and
inflammation. Whereas, efforts to achieve directed differentiation of PSC for hepatic or
biliary fates provided advances [21-23], differentiation to adult stages remains elusive.
Typically, identification of differentiation stages in PSC has been infirm without delineation
for this purpose of molecular “gold standards”.

During ontogeny in human liver, fetal hepatocytes (FH) display multi-lineage markers
(mesenchymal, epithelial, hepatobiliary) along with stem-like potential [24-26]. Cells
resembling FH are sequestered within ductal niches of the adult liver [26], where these may
be recruited during disease states for replacement of hepatocytes [27]. As lineage transitions
during embryonic - fetal - adult stages offer frameworks for characterizing PSC
differentiation, this was tested in hESC-derived cells displaying hepatic meso-endodermal
phenotype with coexpression of epithelial and mesenchymal genes, compared with FH or
adult hepatocytes (AH) [28]. Modeling of mechanistic molecular networks based on
transcriptomic analyses indicated FH and AH rapidly regressed in culture. Hepatic
differentiation was particularly restricted by the extinction of regulatory TFs (HNF4a,
HNF1, others), which likely concerned promoter methylation [29]. Post-transcriptional
mechanisms also involve microRNAs (miRNA), which are significant for cell maintenance,
but did not direct stem cell differentiation [28]. Modeling of such stage-specific
transcriptional context will be important for identifying cell differentiation states; and then
for overcoming specific restriction points.

As interactions with other cell types may alter fate of PSC, e.g., RBCs were produced by
interactions of hESC with cells from fetal liver (site for extramedullary hematopoiesis offers
physiological connection) [30], we considered that hepatic differentiation may also be
regulated by signals from FH. Here, we show that culture of hESC or hiPSC with
conditioned medium (CM) from FH immortalized by human telomerase reverse
transcriptase (hTERT), as previously characterized [14, 31], generated hepatocytes.
Differentiation staging by molecular network analysis compared with natural hepatocytes
allowed characterization of their lineage state. This indicated that PSC-derived hepatocytes
were early fetal hepatocyte-like cells — leading us to designate these as “eFHLC”. The nature
of signals in hTERT-FH-CM driving this stem cell differentiation was unexpected - these
were revealed as small metabolomics products and not proteins. The repertoire of hepatic
properties in PSC-derived hepatocytes suggested therapeutic potential, which was elicited by
cell transplantation studies in mice with induced acute liver failure (ALF). Hepatocytes
derived from PSC by hTERT-FH-CM rescued these animals through a combination of
metabolic support and stimulation of liver regeneration by paracrine factors otherwise
deficient in ALF. The molecular pathways in stem/progenitor cells for endogenous

Differentiation. Author manuscript; available in PMC 2020 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bandi et al.

Page 4

metabolomic products should be relevant too under noninjury conditions for tissue
homeostasis.

MATERIALS AND METHODS

Approvals.

The IRB, Embryonic Stem Cell Research Oversight Committee, and Animal Care and Use
Committee at Einstein approved studies according to local and federal regulations. Fetal
tissues of 18-20 weeks were from Einstein Human Fetal Tissue Repository or Advanced
Bioscience Resources (Alameda, CA).

Reagents, chemicals and drugs.

Liver cells.

Unless specified, these were from Sigma-Aldrich (St. Louis, MO). Metabolomic chemical
products (CP) were purchased (Sigma-Aldrich or Santa Cruz Biotechnology, Santa Cruz,
CA). Stocks of CP were in water or ethanol according to recommendations from
manufacturers.

Mid-gestation primary fetal hepatocytes (FH) were isolated by Ep-CAM+ immunomagnetic
sorting as previously described [24, 26]. For CM, we used hTERT-FH-B cells previously
derived from mid-gestation fetal livers and that retain properties of FH [31]. These cells
were cultured for 24h in DMEM/F12 medium with 2% Knock-out Serum Replacer (KSR), 2
mM L-glutamine, 0.1 mM MEM, NEAA, 1% penicillin-streptomycin (Invitrogen Corp.,
Carlsbad, CA). HepG2 cells were originally from American Type Culture Collection
(ATCC, Manassas, VA). These were authenticated by genotyping. Cell culture used
RPMI1640 medium with 10% fetal bovine serum and antibiotics.

hESC/hiPSC.

WA-01 hESC were from WiCell (Wisconsin, MD). Healthy human fibroblasts were used in
Einstein’s Pluripotent Stem Cell Core to generate hiPSC by CytoTune-iPS Sendai
Reprogramming Kit (Cat#A1378001; Life Technologies, Carlsbad, CA). Cells were
maintained in culture on matrigel in DMEM/F12 medium with 1% B27 and 1% N2
supplements, 2 mM L-glutamine, 0.1 mM non-essential amino acids (NEAA) (Invitrogen
Corp., Carlsbad, CA) and 50 ng/ml bFGF (R&D Systems, Minneapolis, MN).

In some studies, cell culture with hTERT-FH-CM included additives as follows: 2 pM
retinoic acid (RA) (Sigma) from d0-d3; 20 ng HGF (PeproTech Inc., Rocky Hill, NJ), 1078
nmol dexamethasone, 1% B27 supplement from d3-d6; 20 ng/ml hepatocyte growth factor
(HGF) and oncostatin M (OSM) (R&D Systems), 1078 nmol dexamethasone, 1% B27
supplement from d7-d14; in part based on prior protocols (GFs and additives) [2-7].
Dexamethasone was aimed at depleting fibroblast-like cells; HGF and OSM were included
largely for their cytoprotective effects, as previously found for cultured FH [25]. The
differentiation effect of GFs and additives with or without hTERT-FH-CM was studied in
hESC. These cells were plated in hTERT-FH-CM (or its protein and chemical components).
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In some studies, GFs and additives were included on days indicated above after hESC had
attached in dishes.

Cytotoxicity assays.

EM.

Primary mouse hepatocytes were isolated by collagenase perfusion [32]. Cells were plated
overnight in 48-well dishes (1.5x10° per well) in RPMI 1640 medium with 10% FBS. These
were incubated with actinomycin D and then 10 ng/ml TNF-a (Sigma) with or without CM
for MTT assays after another 16—18h [33].

Cells were fixed in 2.5% glutaraldehyde in cacodylate butter, postfixed in osmium tetroxide,
and stained with 1% uranyl acetate before embedding in plastic.

Cytokine arrays.

Human antibody Array | (507 proteins, AAH-BLM-1-2) and Human RTK Phosphorylation
Antibody Array 1 (71 proteins, AAH-PRTK-1-2) (RayBiotech, Norcross, GA) were used
according to manufacturer.

Metabolic functions.

Medium harvested after 3h was analyzed for human albumin with immunoassay (Bethyl
Laboratories, Montgomery, TX). For ureagenesis, cells were incubated with 2.5-7.5 mM
ammonium chloride for 12h and analyzed as described [34]. For CYP450, 7-ethoxyresorufin
conversion was analyzed as described [35].

Molecular studies.

RNA was extracted by TRIzol reagent (Invitrogen), cleaned by RNeasy (Qiagen Sciences,
Germantown, MD), incubated in DNase | (Invitrogen) and reverse-transcribed by
Omniscript RT kit (Qiagen). Platinum PCR SuperMix (Invitrogen) was used with annealing
at 940C x 5 min, and 35 cycles at 949Cx30s, 559Cx30s, 720Cx45s, and 720CxIO min
(primers in Suppl. Table S1). Mouse Stress and Toxicity RT2 Profiler PCR Array
(PAMM-003A) and RT2 Real-Time SyBR Green PCR mix and RT? First Strand kit were
from SA Biosciences (Frederick, MD). Quantitative (q) RT-PCR used customized arrays for
24 pluripotency, TFs or hepatobiliary genes (CAPH-0800A; SA Biosciences). Data were
analyzed by 2-44Ct method. Expression difference of >2-fold up or down was considered
significant. Gene expression analysis with U133 2.0 Plus arrays (Affymetrix Corp., Santa
Clara, CA) used Affymetrix Transcription Analysis Console, version 4 (TAC) as described
[25, 28]. Differences of =5-fold were annotated. Pathways were examined by IPA tools
(Ingenuity Systems Inc., Redwood, CA) [28]. Gene expression datasets are in NCBI’s Gene
Expression Omnibus [36], with access through GEO Series accession numbers GSE108047,
GSE108048 and GSE115410 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSExxx).
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Immunostaining.

Cells were fixed in 4% paraformaldehyde in phosphate buffered saline, pH 7.4 (PBS),
blocked/permeabilized with 5% goat serum, 0.2% Triton X-100 (Sigma) in PBS for Ih, and
incubated overnight at 49C with antibodies for human OCT3/4 (1:200), a-fetoprotein (AFP)
(1:100), E-cadherin (ECAD) (1:50) (Santa Cruz), FOXAZ2 (1:100) (R&D Systems), albumin
(ALB) (1:200) (Sigma), or vimentin (VIM) (1:100) (US Biologicals, Swampscott, MA).
After washing in PBS, TRITC-conjugated goat anti-mouse 1gG (1:50, Sigma) or anti-rabbit
1gG (1:100) were added for Ih with 4’-6-diamidino-2-phenylindole (DAPI) (Invitrogen)
counterstaining. Primary antibodies were omitted in negative controls. Glycogen, glucose-6-
phosphatase (G-6-P), and y-glutamy| transpeptidase (GGT) were stained as previously
described [26, 37].

Tissue studies.

Cryostat sections were used for H&E staining. Tissue injury was graded as previously
described [32]. For hepatic functions, glycogen and G-6-P were stained [34]. For Ki67 and
histone yH2AX, tissues were fixed in 4% paraformaldehyde in PBS. Rabbit anti-Ki67
(1:750, Vector Labs., Burlingame, CA) or rabbit anti-yH2AX (1:300, ab2893; Abcam,
Cambridge, MA), were applied followed by secondary anti-rabbit Alexa Fluor 546 (1:500,
Molecular Probes), and DAPI counterstaining [32, 37]. Transplanted cells were identified by
in situ hybridization with digoxigenin-labeled centromeric probe for primate alphoid
satellite sequences as previously described [38].

Mouse model of ALF.

CB17.NOD/SCIDP'kdc mice, 6-7 weeks old, were from Jackson Labs. (Bar Harbor, ME).
For ALF, mice were given i.p. rifampicin - Rif (75 mg/kg) and phenytoin - Phen (30 mg/kg)
daily for 3d and i.p., monocrotaline - MCT (160 mg/kg) on day 4 as previously described
[32]. After 1d, 4-6x108 hESC-derived cells were transplanted i.p. with 1 ml Cytodex 3™
microcarriers (Sigma). Mice were observed for 2 weeks. Encephalopathy was graded from 0
(absent) to 3 (coma).

Statistical methods.

Data are shown as means£SEM. Significance was analyzed by t-tests, Chi-square, or
analysis of variance (ANOVA). IPA used built-in statistical tools. A web enabled tool was
used for depicting heat maps and pairwise comparisons [39]. Statistical analysis used
GraphPad Prism7 (GraphPad, San Diego, CA). Charts were prepared with SigmaPlot 9.0
(Systat Software Inc. San Jose, CA). P<0.05 was considered significant.

RESULTS
Exposure to hTERT-FH-CM induced hepatic differentiation in hESC

Undifferentiated hESC displayed characteristic morphology with discrete colonies of small
cells containing scanty cytoplasm that were tightly arranged next to one another (Fig. 1A).
In the presence of medium containing GFs and additives alone, hESC morphology was
variably altered with intermingled areas still containing undifferentiated hESC. On the other
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hand, after 3d in GFs and additives plus hTERT-FH-CM, hESC uniformly assumed
epithelial morphology. This difference was pronounced over time, such that after 13-14d,
hESC-derived eFHLC developed larger nuclei with greater cytoplasmic abundance and
complexity. Binucleated cells constituted another hepatic characteristic. This eFHLC
morphology compared favorably with freshly-isolated primary FH, including similar
hepatocyte-like nuclei and organelles, e.g., micro-peroxisomes (Fig. 1B). Typically,
0.50+0.07x108 hESC produced 1.94+0.05x106 eFHLC over 14d (4-fold expansion). From
primary culture (P0) to second passage (P2), eFHLC numbers increased >20-fold.

Culture of hESC in hTERT-FH-CM alone yielded uniform populations of epithelial cells
within 3d that were similar to those after GFs and additives plus hTERT-FH-CM. However,
these cells survived and proliferated inefficiently beyond 3-4d. As the condition of GFs and
additives incorporated RA (0-3d) plus HGF and OSM (3-6d) during this period, these were
then included for further analysis.

For effects in hESC of GFs and additives with or without nTERT-FH-CM, we examined by
gRT-PCR expression of representative genes (n=23) (Suppl. Table S2). After hESC culture
in basal medium plus GFs and additives alone for either 3d or 13d, pluripotency markers
(OCT4, NANOG and SOX2) were not extinguished and gain of endoderm and mesoderm
markers was limited. By contrast, in hESC cultured with GFs and additives plus hTERT-FH-
CM, gene expression in resultant eFHLC was markedly different with loss of pluripotency
markers (OCT4, NANOG, SOX2); and transient gain of endoderm (SOX17, FOXA2) or
mesoderm (brachyury) markers. This was followed after 14d by greater expression of
hepatic TFs (GATA4, HNF1A, HNF4A), simultaneous epithelial (E-CAD), mesenchymal
(VIM) and biliary (CK-19) properties, switching of AFP and ALB expression characteristic
of fetal-neonatal transition, and other hepatic genes (a-1 antitrypsin — AAT; transthyretrin —
TTR; cytochrome P450s - CYP3A4 or CYP7A1L). Pairwise gene expression comparisons for
GFs and additives with or without hnTERT-FH-CM indicated differences were significant,
p<0.0006, ANOVA (Fig. 2A). After 14d, mRNA levels in hESC cultured with GFs and
additives alone or plus hTERT-FH-CM were mean of 2.0+0.3-fold versus 82+35-fold above
untreated controls, respectively, p<0.001. This indicated GFs and additives contributed
minimally or very little to hepatic differentiation. Therefore, for further analysis, we
considered that including GFs and additives alone as a separate control was not worthwhile.

For developmental staging, mMRNA expression in hESC, FH and AH was modeled.
Clustering of mRNA profiles indicated eFHLC and undifferentiated hESC diverged within
3d (Fig. 2B). After 13d, eFHLC clustered along FH undergoing three passages in culture
(FH-P3)). Previously, mRNA and miRNA profiles in such FH-P3 had established
differentiation regression versus freshly-isolated FH (PP), leading to phenotype-sharing with
hESC-derived meso-endodermal cells [28]. Analysis of gene ontology differences indicated
eFHLC differed substantially from hESC (Fig. 2C). Within 3d of differentiation in eFHLC,
the ontology pathways assuming topmost significance concerned sternness: hESC
pluripotency; hepatic fibrosis/hepatic stellate cell activation; and role of NANOG in
mammalian ESC pluripotency (Suppl. Table S3 — Excel). After 13d, sternness groups
decreased, and significance of hESC pluripotency or NANOG pathways was supplanted by
hepatic fibrosis/hepatic stellate cell activation (Suppl. Table S4 — Excel). This inflammatory

Differentiation. Author manuscript; available in PMC 2020 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bandi et al. Page 8

change was reminiscent of stress or related alterations in cellular and molecular functions in
hESC-derived meso-endodermal cells [28]. Co-expression of mesenchymal and epithelial
genes in freshly-isolated or cultured primary FH was previously characterized [25].

Molecular pathways in hepatic differentiation of eFHLC

To determine the nature of reprogramming, we examined upstream transcriptional regulators
(TRs). Within 3d of eFHLC generation by GFs and additives with hTERT-FH-CM
substantial differences were apparent in TRs (n=36; >5-fold up or down in eFHLC versus
hESC with prioritization for p values of nonoverlap) (Suppl. Table S5). During continued
differentiation over 13d, more TRs were recruited (n=75). This concerned downregulation of
pluripotency drivers (OCT4, NANOG or SOX2); and upregulation of differentiation
regulators (WNT, frizzled, p-catenin, GATAG and others). These differences were well-
illustrated by mechanistic networks for NANOG (inactivated) or GATAG (activated) (Fig. 3).
Inflammation-related events were also prominent, i.e., cytokines (TNF, IL1, TGF),
prostanoid (PGE2), intracellular mediators (NF-kB, RELA)., and others.

To dissect potential contributions of RA, HGF and OSM in differentiation versus
cytoprotective or anti-inflammatory processes, we examined eFHLC derived from hESC by
GFs and these additives plus hnTERT-FH-CM. In eFHLC after 3d with exposure to hTERT-
FH-CM plus only RA, expression of HGF, OSM and its receptor, OSMR, was absent
although MET (HGF receptor) was induced (6-fold above hESC). Of retinoic acid receptors,
RARA and RARB were expressed (8-fold and 7-fold above hESC, respectively), but RXRA
was not expressed. With further differentiation over 13d of eFHLC in presence of hTERT-
FH-CM plus GFs and additives, OSMR was expressed (40-fold above hESC). expression of
MET and RARA continued (10-fold and 5-fold above hESC, respectively), although HGF,
OSM, RARB and RXRA were not expressed. The downstream TR networks of HGF, OSM,
RARA and RARB did not assume significant p values of nonoverlap (Suppl Table S5).
Nonetheless, delineation of these HGF and OSM networks revealed representation largely of
cytoprotective and inflammation- or cell growth-related processes (Fig. 4). Similarly, the
effects of RAR and RXRA networks suggested regulation of multiple pathways besides
those contributing in differentiation (Suppl Fig. S1). This was in agreement with little effects
on hepatic differentiation of GFs and other additives in the absence of hTERT-FH-CM. On
the other hand, GFs did contribute in survival and growth of eFHLC.

The extent of hepatic differentiation by mRNA expression in eFHLC was inferior to freshly-
isolated FH-PP or AH; it equilibrated more with FH-P3. Both in eFHLC and FH-P3, the
three topmost canonical pathways differing from FH-PP were identical: FXR/RXR
activation; LXR/RXR activation; and acute phase response signaling. This re-emphasized
roles of nuclear signaling and inflammation.

Upstream regulators informed on mechanistic role of endogenous signals. Compared with
FH-PP, the activation and inactivation patterns of mechanistic TR networks were shared in
eFHLC (n=87) and FH-P3 (n=62) (see Suppl. Tables S6). Less active TR networks in
eFHLC and FH-P3 included those of CEBPA; whereas more active TR networks included
that of SNAI2 (Fig. 5). This was in agreement with meso-endodermal phenotype in eFHLC
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or FH-P3 vs FH-PP, since CEBP and related TRs regulate hepatic genes; whereas SNAI and
related members regulate mesenchymal genes.

Metabolic and other hepatic functions were expressed in differentiated cells

Results from pathway analysis were confirmed at protein and biochemical levels. Studies in
eFHLC generated by hTERT-FH-CM plus GFs and additives from either hESC or hiPSC
verified declines in stem cell markers (OCT4, NANOG, TRA-1-80) (from 100% to 0%
cells), p<0.001 (Fig. 6A-B). These markers were also absent in control FH. Plasma
membrane localization of ECAD in eFHLC was similar to control FH. Presence of this
marker in 100% of eFHLC indicated epithelial conversion was highly efficient. This was
consistent with p-catenin-related events identified by mRNA expression analysis. Co-
expression of VIM (mesenchymal marker) in 100% of eFHLC, as well as control FH,
verified meso-endodermal phenotype. This was also in agreement with mRNA expression of
TRs. In eFHLC, hepatic markers were gained (FOXA2, ALB, G6P, glycogen in up to 100%
though with cell-to-cell expression differences). AFP was sparsely expressed. Biliary
markers (GGT, CK-19) were present in 100% cells (Fig. 6B). This was similar to FH.
Significant fractions of eFHLC (~30%) expressed asialoglycoprotein receptor (ASGPR1)
(Fig. 6C). In case of FH-PP 60-70% cells expressed ASGPR1, p<0.001, indicating eFHLC
were less mature. This was in agreement with lower hepatic TR activity in the latter.

Hepatic differentiation by CM from hTERT-FH involved metabolomics products

To identify constituents of FH-CM imparting differentiation, we used protein arrays and
these revealed expression of 62 cytokines and growth factors (from total n=507) (Suppl. Fig.
S2). For effects in cells, these ligands should have engaged receptors-this was examined by
exposing hESC to FH-CM (10 min, 1h and 6h), and probing of humerous receptor tyrosine
kinases (RTKs) (n=71). Ligands were identified in FH-CM for at least 12 RTKSs (activinA,
FGFs, TGF, others) (Suppl. Fig. S3). However, no RTK was activated in hESC that had been
exposed to FH-CM.

To determine the requirement of proteins in FH-CM for PSC differentiation, these were
degraded by heating (to 100°C) and size exclusion (>3 kilodalton proteins) by Amicon
membranes. Despite protein degradation or depletion, FH-CM still advanced differentiation
in hESC within 3d, just as before. Epithelial morphology was induced, expression of
pluripotency genes declined (NANOG, SOX-2), and that of epithelial (AFP), or
mesenchymal (VIM) genes increased (Suppl. Fig. S4). Thus, we surmised that alternative
nonprotein components were contributing in cell differentiation. These were apparently heat-
stable (to 100°C), and also long-lived, since eFHLC were generated despite storage of FH-
CM for 6 weeks at 4°C (not shown).

We characterized metabolomics products in FH-CM by LC-MS in the Metabolite Profiling
Facility at Purdue University. Good separations were reported in blank medium and FH-CM
for 810 classes; of these, 105 classes were =3-fold abundant, p<0.03 (Suppl. Table S7). Then
cell differentiation was tested with eight off-the-shelf chemical products (CPs) (Suppl. Table
S8). In these studies, CPs were added followed by GFs and additives to reproduce hTERT-
FH-CM conditions. Individually, none of the CPs differentiated hESC - cell morphology was
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unchanged; OCT4 was expressed and ALB or VIM were absent. However, combining 7 or 8
CPs together generated eFHLC with loss of OCT4 (in 100%) and gain of ALB and VIM (in
50--90%) (Fig. 7A). Metabolic functions were also recapitulated with urea synthesis and
xenobiotic conversion (Fig. 7B). This was similar to eFHLC generated by hTERT-FH-CM.
Moreover, CPs induced loss of pluripotency markers in hiPSC, along with hepatic
differentiation to fetal-like stage (Suppl. Fig. S5).

Transplantation of eFHLC was sufficient for rescue in ALF

Multiple types of liver injuries, including drug toxicity and viral hepatitis, may cause ALF
[40]. In this situation, deficiency of VEGF, PDGF and other cytokines or chemokines
increases susceptibility to sepsis, impaired liver regeneration and mortality [41, 42]. Excess
of proliferation-inhibiting cytokines, such as TGF-B, also impairs liver regeneration [43]. By
contrast, replacement in ALF of deficient metabolic functions and paracrine factors through
ectopic hepatic transplantation allows liver regeneration [32, 37, 44]. Therefore, we studied
whether eFHLC would provide suitable metabolic functions and cytokines for rescue in
ALF. Protein arrays for cytokines demonstrated VEGF, PDGF and GCSF were secreted by
eFHLC (Suppl. Fig. S6). Testing of CM from eFHLC showed this protected primary mouse
hepatocytes from TNF-a cytotoxicity (Fig. 8A). Quantitation of hepatic functions in eFHLC
revealed albumin or urea synthesis and xenobiotic conversion (ethoxyresorufin to resorufin)
(Fig. 8B). These functions were less than in HepG2 cells, p<0.05 [45]. As viability and
function of primary human hepatocytes is highly variable depending on donor liver quality,
HepG2 cells are commonly used for this purpose [17]. Moreover, mapping of upstream
regulators in eFHLC indicated HNF4A and HNF1B mRNA networks were active (Fig. 8C-
D), which was in agreement with these metabolic functions.

To determine whether eFHLC would support liver regeneration, we studied NOD/SCID
mice with drug-induced ALF (m=20) [32, 37]. Mice received i.p scaffolds with 4-6x106
eFHLC (n=10), and controls, scaffolds alone (n=10). In eFHLC recipients, 5 mice (50%)
survived; only 1 control mouse (10%) survived, p<0.001 (Fig. 9A). Encephalopathy
decreased after eFHLC, versus controls, p<0.05. Liver tests also improved; after 7d, serum
alanine aminotransferase (ALT), 77+82 vs 4800+500 u/1, p<0.001; total serum bilirubin,
0.5+0.2 vs 2.5+0.5 mg/dl; p<0.05; blood glucose and creatinine levels were normal. Human-
specific molecular probe identified eFHLC transplanted into the peritoneal cavity were
engrafted (Fig. 9B). The liver of control mice had significant necrosis. Extensive yH2AX
expression indicated hepatic DNA damage. As Ki-67+ cells were infrequent, this indicated
absence of liver regeneration (Fig. 9C). By contrast, after eFHLC transplantation, liver
necrosis, as well as yH2AX expression decreased; and prevalence of Ki-67+ cells increased
(Fig. 9D). Tissue grading showed 5.4-fold less injury after 7d, 0.7+0.3 vs 3.8+0.4, p<0.05
(Fig. 9E). Ki-67+ cells were 2.3-fold more prevalent, 91+5 vs 39+4 cells/HPF, p<0.05 (Fig.
9F).

Liver gene expression was altered in ALF, including pathways of oxidative/metabolic stress,
inflammation, DNA damage and cell cycling. These abnormalities improved 3d-7d after
eFHLC transplants (Suppl. Table S9). Therefore, metabolic support and paracrine signals
from eFHLC advanced liver regeneration in ALF.
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DISCUSSION

The ability of metabolomics molecules to induce stage-specific differentiation of PSC
rapidly and efficiently will be significant. We obtained firm evidence for hepatic
differentiation in PSC with metabolomics candidates. These induced differentiation in
concert with other additives, including GFs and retinoic acid that by themselves exerted only
limited effects. Previously, loss-of function through antagonism in hRESC-MEC or FH-P3 of
WNT, NOTCH or histone deacetylation mechanisms by DKK-1, y-secretase inhibitor X or
trichostatin, respectively, was unrewarding for hepatic differentiation [46]. The loss-of-
function from these molecules was not further helpful for differentiation of hESC with
hTERT-FH-CM (not shown). Comprehensive investigation of each metabolomics class
represented in hTERT-FH-CM was beyond the scope of our studies.

The underlying mechanisms in differentiation by metabolomics products concerned broad
effects on transcription regulation and additional processes. Mechanistically, endogenous
metabolites were able to promote either pluripotency or cardiac and neuronal differentiation
by altering cellular redox activities or inflammation [19]. Suppression of these processes
preserved pluripotency; their activation resulted in cell differentiation. In our studies,
differentiation-inducing CPs included major regulators of redox states. As maintenance of
cellular redox incorporates disulfide-thiol exchanges [47], glutathione (and possibly D-
penicillamine) disulfides may have contributed to PSC differentiation in this way.
Glutathiones are important for hepatic injury and inflammation: Excessive anti-oxidant
depletion causes mitochondrial damage and cell-growth arrest in ALF [48]; glutathione
replacement by N-acetyl cysteine (NAC) benefits recovery in ALF [41]. Tissue regeneration
by NAC (in retina) involved stem/progenitor cell renewal [49]. This was independent of
growth factor signaling (FGF) but included MAPK-1 or-3 pathways. Multiple intracellular
signaling pathways were activated by hTERT-FH-CM during PSC differentiation. In this
respect, glutathione activates cell survival and differentiation events via NF-kB, WNT or
NOTCH pathways (as in myogenic differentiation of mouse skeletal muscle cells or
osteoblastic differentiation in human periodontal ligament cells) [50, 51].

Other CPs in hTERT-FH-CM likely contributed significantly in stem cell differentiation. For
instance, the kynurenine pathway is significant for tryptophan degradation; it increases
goblet cell differentiation in colonic cells [52]. Kynurenine advances osteoblast commitment
in human mesenchymal stem cells in vitro and is required for osteogenesis in vivo [53].
Kynurenine also activates WNT, NOTCH and arylhydrocarbon receptor signaling in colon
differentiation [52]. Among other CPs in hTERT-FH-CM, phytosphingosine has been
associated with cardiac differentiation in mouse ESC and keratinocyte differentiation in skin
[54, 55]; pyridoxine induces neuronal differentiation by upregulation of -y-aminobutyric
acid-related systems in intact mice [56]; and phenacetin advances stem cell pluripotency
through anti-inflammatory effects with inhibition of eicosanoid synthesis [19]. In
combination, CPs probably exerted additional effects.

Specific mechanisms were activated in hESC by hTERT-FH-CM as indicated by activation
and inactivation of TR networks. This was independent of GF-mediated signaling from
RTKSs, which suggested molecular events and processes were regulated biochemically.

Differentiation. Author manuscript; available in PMC 2020 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bandi et al.

Page 12

Comparative gene expression identified intracellular effects of hnTERT-FH-CM concerned
many differentiation, inflammation and signaling pathways. Rapid entry of metabolomic
products into cell compartments, including nucleus, should allow opportunities for
modulation of reprogramming events. Differentiation in hESC cultured with hTERT-FH-CM
was obvious within three days and gained further prominence thereafter, which was
accompanied by recruitment of TRs. These alterations in differentiation were illustrated by
coordinated regulation of NANOG and GATAG6 networks. Numerous upstream TRs were
regulated by soluble signals to indicate these exerted extremely broad effects on
differentiation mechanisms. The effects of accompanying GFs and other additives in hnTERT-
FH-CM were largely related to cytoprotection and cell growth.

Staging of differentiation by gene expression profiling was helpful with application of
effective comparators for characterizing eFHLC [28]. As early hepatic developmental stage
includes coexpression of epithelial (ECAD, EpCAM, B-catenin), hepatic (AFP, ALB, G6P,
glycogen), biliary (CK-19, GGT) and mesenchymal (VIM) properties in vivo [24, 26, 37],
this was supported by similar phenotype in eFHLC. In cultured primary FH, hepatobiliary,
epithelial and mesenchymal genes are similarly coexpressed [25]. Upstream TRs in eFHLC
and cultured FH provided further mechanistic basis for this lineage stage. Hepatic
differentiation was restricted by TRs (e.g., HNF4A, CEBPA), whereas mesenchymal
differentiation was maintained by other TRs (e.g., TWIST1). Significantly, analysis of
hESC-derived immature hepatocytes and FH or AH provided clues to major role for HNF4A
[28]. Compared with primary FH or AH, HNF4A network was largely extinguished in
hESC-derived hepatocytes. In cultured AH, HNF4A promoter is rapidly silenced by
promoter methylation[29]. This was also the case in cultured FH (not shown). As
downstream targets of HNFA remain unmethylated, this accounts for the ability of
autonomously driven transgenes for HNF4A or other TFs to force hepatic gene expression in
nonpermissive cells [15, 16]. However, deleterious consequences from transgene shuffling or
insertional mutagenesis makes alternative approaches necessary. Endogenous metabolomic
products will cause no such concern.

Modeling development by molecular pathway regulation through functional genomics
should be suitable for other lineages. As immaturity of stem cell-derived lineages is a
universal problem, this will be particularly helpful for identifying restriction points in cell
maturation. Generation by hTERT-FH-CM from PSC of foregut endoderm-like cells with
endocrine properties will be relevant for additional lineages. In subsets of FH, PDX1
transgene induced insulin expression; this allowed correction of diabetes in mice [14].
Although metabolic functions may be tested in liver repopulation models, in a recent study,
expansion after transplantation in liver of hepatocytes derived from fibroblasts with
reprogramming from multiple TFs required immortalization with another SV40 oncogenic
element [15].

Despite their immaturity, eFHLC rescued mice in ALF — where even small additions to liver
function, along with complementation of deficient paracrine factors from healthy
transplanted cells to promote liver regeneration, are of significance for survival [32, 37].
After intraperitoneal transplantation of hepatocytes in NOD/SCID mouse model of ALF
used here, transplanted cells did not migrate to other organs (including liver, spleen and
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lungs) [32]. Their benefits were thus related to extrahepatic metabolic support. Similarly,
intraperitoneal transplantation of hESC-derived hepatocytes in meso-endodermal stage
contributed through metabolic support in rescue from ALF in this mouse model [46]. By
contrast, transplantation of HeLa cells (human cervical cancer cell line) without hepatic
functions was insufficient for rescue in ALF. On the other hand, transplanted healthy liver
tissue or hepatocytes release paracrine factors from ectopic locations into systemic
circulation that further promote hepatic regeneration in ALF [32, 44]. However, paracrine
factors may be insufficient for rescue in ALF by themselves without simultaneous hepatic
support, as indicated by studies of conditioned medium from healthy hepatocytes in this
NOD/SCID mouse model [32]. Therefore, secretion of beneficial paracrine factors by
eFHLC, including those deficient in people with ALF, e.g., VEGF, PDGF, GCSF [41, 42],
and lessening of hepatic injury in mice with ALF was in agreement with their combined
replacement of hepatic functions and such hepatotrophic cytokines. Whether metabolomics
products from transplanted eFHLC advanced liver regeneration in ALF is unknown.

As uniform populations of hepatocytes were generated by hTERT-FH-CM and CPs without
transgenic manipulations, this will be valuable for therapies. Differentiating PSC by CPs
without animal materials or feeders will provide other gains. The absence of residual
undifferentiated PSC in ensuing cell populations should be reassuring in terms of
oncogenetic concerns.
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Refer to Web version on PubMed Central for supplementary material.
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AAT a-1-antitrypsin

AFP a-fetoprotein

AH adult hepatocyte

ALB albumin

ALF acute liver failure

ASGPR asialoglycoprotein receptor

ATF cyclic AMP-dependent transcription factor
ATM ataxia telangiectasis mutated
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CCNC
CCND
CEBP
CK
CM
CP
CYP
eFHLC
ECAD
EGR
ELD
EM
EpCAM
FH
FOXA2
FOXA3
FXR
GATA:
GDF
G6P
GGT
GCSF
H2AX
hESC
hiPSC
HNF
ILK
IPA

Ki67

cyclinC

cyclin D

CCAAT/enhancer-binding protein
cytokeratin

conditioned medium

metabolomic chemical product
cytochrome P450

early-stage fetal hepatocyte-like cells
epithelial-cadherin

early growth response gene
expression level dominance

electron microscopy

epithelial cell adhesion molecule
fetal hepatocyte

forkhead box A (HNF3 beta)
forkhead box A (HNF3 gamma)
farnesoid X receptor

GATA-binding protein

growth differentiation factor
glucose-6-phosphatase
gamma-glutamyltranspeptidase
granulocyte colony-stimulating factor
H2A histone family member X
human embryonic stem cells

human induced pluripotent stem cells
hepatocyte nuclear factor
integrin-linked protein kinase
Ingenuity pathway analysis

proliferation-related Ki-67 antigen
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LXR
MAPK
MCT
miRNA
MSC
NANOG
NF-kB
NOTCH
OCT
PDGF
PDX1
PGE2
Phen
PROX
PSC
gRT-PCR
RELA
Rif
RXR
SMA
SOX
TAC
TF
TGF
TNF
TR
TRA
TTR

TWIST

liver x receptor

mitogen associated protein kKinase
monocrotaline

microRNA

mesenchymal stem cells

Nanog homeobox

nuclear factor kappa beta

notch homolog 1, translocation-associated
octamer-binding transcription factor
platelet-derived growth factor
pancreatic and duodenal homeobox 1
prostaglandin E2

phenytoin

prospero homeobox 1

pluripotent stem cells

quantitative reverse-transcription polymerase chain reaction

RELA protooncogene, NF-kB subunit
rifampicin

retinoic acid receptor

smooth muscle actin

sex determining region Y-box

Affymetrix Transcription Analysis Console, version 4

transcription factor

transforming growth factor

tumor necrosis factor

transcriptional regulator

sex determining transforming protein
transthyretrin

Twist family BHLH transcription factor
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VEGF vascular endothelial growth factor
VIM vimentin
WNT wingless integration site Nusse and Varmus
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Highlights

. Cell interactions capable of inducing stem cell differentiation are not well
understood;

. In this study soluble substances from fetal hepatocytes induced stem cell
differentiation;

. Differentiation-inducing substances constituted a series of metabolomic
products;

. The extent of hepatic differentiation in cells was sufficient for rescue in liver
failure;

. This will advance mechanisms in tissue homeostasis and regenerative
medicine.
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Fig. 1. hESC cultured with FHB-CM shifted to epithelial morphology resembling hepatocytes.
(A) Phase contrast microscopy: Undifferentiated hESC under lower and higher

magnifications as indicated (top); hESC treated with growth factors and other additives
alone (GFs) after 3d and 14d (second from top); eFHLC derived from hESC cultured with
hTERT-FH-CM for 3d or 14d (second from bottom); and eFHLC after first passage (P1)
compared with primary fetal hepatocytes (FH) in initial culture (PO) (bottom panel). In
hESC cultured with GFs, cells did not develop epithelial morphology (inset, higher
magnification shows cells with morphology of hESC). By contrast, culture of hESC with
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hTERT-FH-CM led to morphological alterations within 3d. By 13-14 d, these eFHLC
universally exhibited epithelial morphology — inset, higher magnification including cells
with binucleation — a feature of hepatocytes. Original magnification x100-400; scale bars, 15
pum. (B) Transmission EM of eFHLC and freshly-isolated fetal hepatocytes without culture
(FH-PP). In these cell types, nucleus was often to the side with vesicles or
microperoxisomes characteristic of hepatocytes (scale bar, 1 pm).
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Fig. 2. Gene expression differences in hESC-derived cells with representation of hepatic foregut
endoderm and various ontological pathways.

(A) Cumulative analysis of mMRNA expression (n=23) by gRT-PCR in undifferentiated hESC
and hESC-derived cells 3d or 14d after differentiation with either GFs alone or hTERT-FH-
CM plus GFs. Pairwise comparisons indicated significantly greater gene expression level in
hTERT-FH-CM condition, p<0.0006, ANOVA (left). Heat map for expression of individual
genes analyzed (right) indicated pluripotency markers (OCT4, NANOG and SOX2) declined
much less after GFs alone compared with hTERT-FH-CM plus GFs. The gene expression
pattern in respect to endoderm (SOX17, FOXAZ2) and mesoderm (brachyury), which
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appeared transiently before hepatic TFs (GATA4, HNF4, HNF1A) after hTERT-FH-CM plus
GFs was not reproduced by GFs alone. Similarly, after hnTERT-FH-CM plus GFs, epithelial
(CDHL1), biliary (CK19), mesenchymal (VIM), and hepatic genes (ALB, AAT, ASGPR,
TTR, others indicated in heat map) were expressed more than after GFs alone: Gene
expression levels normalized to undifferentiated hESC after 14d in hTERT-FH-CM plus GFs
or GFs alone were 82+35-fold versus 2.0+0.3-fold, respectively, p<0.001. (B) Cell type
clustering by mRNA profiles from Affymetrix arrays with TAC. This indicated divergence of
eFHLC from hESC; these converged along FH cultured for three passages (FH-P3). In turn,
FH-P3 diverged from freshly-isolated fetal (FH-PP) or adult hepatocytes (AH). (C-D)
Ontological pathways (top 10) exhibited versus hESC in eFHLC cultured in hTERT-FH-CM
for 3d (C) or 13d (D). These pathways shifted from the top category of hESC pluripotency
after 3d to that of inflammation (hepatic fibrosis pathways), extracellular matrix (ILK
signaling) and others after 13d. This verified hTERT-FH-CM exerted rapid and major effects
on hESC differentiation (complete pathway listings are in Suppl. Tables S2 and S3).
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Fig. 3. Mechanistic networks identified by IPA in eFHLC versus hESC indicated inactivation of
pluripotency-inducing (NANOG) and activation of differentiation-inducing (GATASG) regulators.

(A) Prediction legend for network regulation. (B-C) Inactivation in eFHLC of NANOG
network (blue color) took place early (d3) and continued subsequently (d13). (C-D) By
contrast, GATA6 network accompanying hepatic differentiation was reciprocally activated
(orange color). As cell differentiation advanced over 13d, more network nodes were
included in networks. Individually, downstream members of networks additionally oversee
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survival, proliferation, apoptosis, and other events. (Additional TRs are in Suppl. Table
S4).
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Fig. 4. Mechanistic networks identified by IPA of HGF and OSM in eFHLC versus hESC.
(A, C) HGF and OSM networks were variably activated in eFHLC after 3d of culture in

hTERT-FH-CM with addition of only RA. Subsequently, network profiles at d13 remained
essentially similar, although more TRs were recruited during supplementation of hTERT-
FH-CM with HGF, OSM and other additives (B, D). Prediction legend for network
regulation is included. The TRs represented processes of cell injury (TNF, TGFb, IL6 and
related signaling pathways, e.g., SMADSs); inflammation (NFkB, RELA, others);
cytoprotection (STAT3, AKT); or cell growth (JUN, FOS, MYC, p53). Differentiation
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regulators (NOTCH1, CTNNB1 or HDAC1) were inconsequential since experimental
manipulation of these pathways did not advance hepatic properties (Additional effects of
retinoic acid receptors are in Suppl. Fig. S1).
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Fig. 5. Upstream networks for hepatic differentiation staging.
Mechanistic networks for CEBPA (A-B) and SNAI2 (C-D) are presented versus freshly

isolated FH (FH-PP) according to IPA. The CEBPA network was less active in both eFHLC
and FH-P3 (three passages in culture of FH-PP). By contrast, SNAI2 network was active in
eFHLC and FH-P3. This was in agreement with hepatic plus mesenchymal gene expression.
The prevalence in eFHLC and FH-PP was generally similar of less active (in blue) or more
active (in orange) downstream regulators. This assigned eFHLC to early fetal-like hepatic
stage. Key to prediction legends is in Fig. 3. And 4 (Suppl. Table S5 lists TRs).
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Fig. 6. Cytostainings for proteins verified early hepatic differentiation in eFHLC.
(A) Immunostaining for markers in hESC vs eFHLC. In d14 eFHLC, OCT4 was not

expressed, indicating loss of pluripotency; FOXA2 was present to indicate hepatic endoderm
was induced; AFP was infrequently expressed (<5%), since ALB was present (80-90%; EC
AD expression in cells (100%) indicated their epithelial nature; while simultaneous VIM
expression (80-90%) indicated mesenchymal property. (B) Histochemical staining of eFHLC
and FH-P3 indicated these cells simultaneously expressed hepatobiliary markers (glycogen,
G6P and GGT in 100%). Original magnifications, x400; scale bars 15 pm. (C) Flow
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cytometry for asialoglycoprotein receptor (ASGPR) indicated 27% eFHLC expressed this
characteristic hepatic marker. This was in agreement with representation of eFHLC along
fetal-like hepatic stage.
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Fig. 7. Metabolomics products generated eFHLC from hESC.
(A) Undifferentiated hESC (panels on left), hESC cultured with hTERT-FH-CM (middle)

and hESC cultured with combination of seven CPs (right). Phase contrast microscopy
showing epithelial morphology in hESC cultured with either \TERT-FH-CM or 10um
amounts of CPs. Original magnifications, x200; scale bars 15 pm. (B) Immunofluorescence
staining for markers. This indicated loss of OCT4 and gain of ALB or VIM (red color) in
eFHLC generated by hTERT-FH-CM or CPs. Nuclei are stained with DAPI. Original
magnifications, x400; scale bars 15 um. (C) Metabolic functions in eFHLC from either
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hTERT-FH-CM or CPs with albumin and urea synthesis and conversion of ethoxyresorufin
to resorufin. Differences in eFHLC from undifferentiated hESC were significant; although
HepG2 cells were metabolically more active, p<0.05, ANOVA. (Suppl. Fig. S5 for hiPSC
differentiation; Suppl. Table S6 for list of CPs; Suppl. Table S7 for effects of CPs).
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Fig. 8. Hepatic functions and cytoprotective effects in eFHLC.
(A) TNF-a cytotoxicity assay using primary mouse hepatocytes for protection from

cytokines secreted by eFHLC. (Secreted cytokines in eFHLC-CM are in Suppl. Fig. S6).
(B) Albumin or urea synthesis and ethoxyresorufin conversion. These concerned
undifferentiated hESC, eFHLC after differentiation for 14d and HepG2 human hepatocyte
cell line. Asterisks indicate p<0.05 versus TNF-untreated controls (A) or undifferentiated
hESC (B). (C-D) Mechanistic networks are shown for HNF4A and HNF1B in eFHLC
versus undifferentiated hESC. These TRs regulate hepatic gene expression through
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numerous targets. The network nodes are noteworthy for multiple additional processes
related to cell differentiation, proliferation and other mechanisms. (E) Network prediction
legend.
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Fig. 9. Transplantation of eFHLC in mice with ALF.
(A) Survival curves indicating lowering of mortality by transplanted eFHLC. (B)

Histological sections of microcarriers (me) and transplanted cells after 7d with vascular
reorganization (H&E staining), glycogen (red color in cytoplasm) and primate-specific
centromeres (dark spots over nuclei; arrows in insets), in control human liver - panel on left -
or transplanted cells (C-D). Liver necrosis, DNA double-strand breaks and hepatocyte
proliferation in tissue sections by H&E, yH2AX, and Ki67 staining, respectively, in mice
with vehicle alone (C) or eFHLC (D). (E-F) Tissue injury grading (E) and Ki67+
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proliferating cells in liver. Original magnifications, x 100-200; scale bars 15 um. Asterisks,
p<0.05 (Suppl. Table S8 for liver gene expression).
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