
Differentiation in stem/progenitor cells along fetal or adult 
hepatic stages requires transcriptional regulators independently 
of oscillations in microRNA expression

Sriram Bandia,b,1, Sanchit Guptab,2, Tatyana Tchaikovskayaa,b, and Sanjeev Guptaa,b,c,d,e,*

aDepartment of Medicine, Albert Einstein College of Medicine, Bronx, NY, United States

bMarion Bessin Liver Research Center, Albert Einstein College of Medicine, Bronx, NY, United 
States

cDiabetes Center, Albert Einstein College of Medicine, Bronx, NY, United States

dThe Irwin S. and Sylvia Chanin Institute for Cancer Research, Albert Einstein College of 
Medicine, Bronx, NY, United States

eThe Ruth L. and David S. Gottesman Institute for Stem Cell and Regenerative Medicine 
Research, Albert Einstein College of Medicine, Bronx, NY, United States

Abstract

Understanding mechanisms in lineage differentiation is critical for organ development, 

pathophysiology and oncogenesis. To determine whether microRNAs (miRNA) may serve as 

drivers or adjuncts in hepatic differentiation, we studied human embryonic stem cell-derived 

hepatocytes and primary hepatocytes representing fetal or adult stages. Model systems were used 

for hepatic lineage advancement or regression under culture conditions with molecular assays. 

Profiles of miRNA in primary fetal and adult hepatocytes shared similarities and distinctions from 

pluripotent stem cells or stem cell-derived early fetal-like hepatocytes. During phenotypic 

regression in fetal or adult hepatocytes, miRNA profiles oscillated to regain stemness-associated 

features that had not been extinguished in stem cell-derived fetal-like hepatocytes. These 

oscillations in stemness-associated features were not altered in fetal-like hepatocytes by inhibitory 

mimics for dominantly-expressed miRNA, such as hsa-miR-99b, −100, −214 and −221/222. The 

stem cell-derived fetal-like hepatocytes were permissive for miRNA characterizing mature 
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hepatocytes, including mimics for hsa-miR-122, −126, −192, −194 and −26b, although 

transfections of the latter did not advance hepatic differentiation. Examination of genome-wide 

mRNA expression profiles in stem cell-derived or primary fetal hepatocytes indicated targets of 

highly abundant miRNA regulated general processes, e.g., cell survival, growth and proliferation, 

functional maintenance, etc., without directing cell differentiation. Among upstream regulators of 

gene networks in stem cell-derived hepatocytes included HNF4A, SNAI1, and others, which affect 

transcriptional circuits directing lineage development or maintenance. Therefore, miRNA 

expression oscillated in response to microenvironmental conditions, whereas lineage-specific 

transcriptional regulators, such as HNF4A, were necessary for directing hepatic differentiation. 

This knowledge will be helpful for understanding the contribution of stem cells in 

pathophysiological states and oncogenesis, as well as for applications of stem cell-derived 

hepatocytes.
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1. Introduction

The role of microRNAs (miRNA) in stemness and differentiation is of general interest, 

including for tissue-derived or pluripotent stem cells (PSC) [1]. Although regulatory miRNA 

have been noted in PSC-derived epithelial, mesenchymal or hematopoietic lineages [2–10], 

as well as cancer stem cells [11–13], their roles in differentiation are controversial. The 

possibilities are that miRNA may regulate networks of crucial genes or proteins through 

post-transcriptional mechanisms during differentiation versus serving constitutive roles in 

cellular maintenance, survival, proliferation, etc., during tissue homeostasis or adaptive 

processes. For instance, the concept of expression-level dominance (ELD) was proposed for 

miRNA in species of subgenomes incorporating genetic modifications, e.g., DNA 

methylation states, where miRNA targeted mRNA or protein-encoding genes during 

development and also stress or injury responses [14]. As miRNA expression persisted across 

generations in interspecies hybrids, such ELD was considered to be stably maintained. 

Remarkably, constitutive expression of miRNA similarly regulated genomes in mammalian 

cells, e.g., in case of hepatitis B virus (HBV), with dominant-negative factors guiding viral 

replication in permissive/nonpermissive cell fusions [15]. Later, these were found to concern 

miRNA networks [16,17].

Evidences for effects of miRNA on cell differentiation have been gathered in many studies 

[2,3,5,9,18,19]. In the liver, miRNA deficiencies due to Dicer1 knockdown lead to 

dysregulated fetal gene expression [20]. Also, gene expression regulation by miRNA 

pioneers hepatic functions, e.g., hsa-miR-122 [21], which also supports hepatitis C virus 

replication [22]. Studies showed hsa-miR-30 [23], −23b [24], 122 [25], or −194 advanced 

hepatic differentiation [19], but hsa-miR-302, which affects pluripotency in PSC [9], 

transdifferentiated hepatocytes to pancreatic islet-like cells [10]. Elsewhere, miRNA 

silencing benefited cell differentiation, e.g., hsa-miR-221 downregulation for advancing 
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osteogenic [26], and -let-7f silencing alongside -miR-122 expression for hepatic 

differentiation in stem cells [27].

We considered that if miRNA were determinants of hepatic differentiation states, it should 

be possible to achieve alterations in cell fates in loss- or gain-of-function studies. Therefore, 

we examined human embryonic stem cells (hESC), hESC-derived hepatocytes and primary 

fetal or adult hepatocytes to obtain model systems for transitions along pluripotency and 

lineage maturation. This offered opportunities for subtractive analysis of miRNA content 

followed by applications of specific candidates-of-interest for hepatic differentiation. 

Although each miRNA may regulate numerous genes, discrepant nature of predicted versus 

actual miRNA targets has also been apparent [28]. This consideration prompted us to 

simultaneously probe genome-wide mRNA expression datasets for substantiating our 

results. These studies revealed oscillations in expression of miRNA during alterations in cell 

differentiation states with significant roles in molecular and cellular processes. However, 

hepatic differentiation of cells was independent of miRNA and required alternative 

mechanisms, especially those involving regulatory transcription factor networks.

2. Materials and methods

2.1. Human embryonic stem cells and fetal cells

Institutional Review Board and Embryonic Stem Cell Research Oversight Committee of 

Albert Einstein College of Medicine approved studies. WA-01 hESC were from WiCell 

(Madison, WI). Fetal human livers of 19–24 weeks gestation were from Human Fetal Tissue 

Repository at Einstein.

2.2. Cell culture

The Pluripotent Stem Cell Core at Einstein maintained WA-01 hESC (WiCell Foundation, 

Madison, WI) on irradiated feeder cells in DMEM/F12 medium with 20% knock-out serum 

replacer (KSR), 2mM L-glutamine, 0.1 mM MEM nonessential amino acids (NEAA), 1% 

penicillin-streptomycin (Invitrogen Corp., Carlsbad, CA), and 4 ng/ml basic FGF (R&D 

Systems, Minneapolis, MN) (complete medium). hESC-MEC were isolated from hESC 

cultured in DMEM with10% FBS, as described previously [29,30]. FH-PP were sorted 

immunomagnetically for EpCAM and cultured to generate FH-P3, as described previously 

[31]. Cryo-preserved AH-PP were from Incara Pharmaceuticals (Raleigh-Durham, NC), and 

cultured as described previously [32].

2.3. Transfection of miRNA in cells

The hESC-MEC cells were cultured to 20–30% confluency in dishes and transfected by 

lipid-based siPORTNeoFX agent according to manufacturer (Ambion). The miRNA mimics 

and inhibitors were from Dharmacon (Lafayette, CO).

2.4. Expression of miRNA

Total cellular RNA was isolated by Trizol reagent. Expression profiling was performed by 

LC Sciences (MRA-1001 arrays, miRHuman_9.1_070207; Dallas, TX). Arrays contained 

470 probes for mature miRNAs with seven repeats and 53 controls based on Sanger 
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miRBase (Release 9.1). For data analysis, background was subtracted by regression-based 

mapping on 5–25% of lowest intensity points excluding blanks. Spots with signals below 3× 

background incorporating spot analysis parameters were excluded. Transcripts with < 500 

signal intensity constituted below qRT-PCR detection thresholds and were excluded. For 

clustering, signal intensity was transformed to log2 by denominator of 500 across data 

matrix with intensity (at least one probe > 500) and variation filtering by Cluster3 software 

(Stanford University, Palo Alto, CA). Heat maps were constructed by setting medians to 

zero (JavaTree1.1.6r2 software), as recommended [33].

qRT-PCR used QuantiMir RT Kit for small RNA quantitation (System Biosciences, 

Mountain View, CA). Briefly, RNAs were anchor-tailed with poly-A-polymerase, followed 

by oligo dT annealing, with RT for 60 min at 42 °C. SYBR Green assays used forward 

primers from sense strands of mature miRNA and universal reverse primer (System 

Biosciences) in Realplex Mastercycler (Eppendorf, Hamburg, Germany). Cycle thresholds 

(Ct) were normalized with control RNU-43 RNA (Applied Biosystems Inc., Foster City, 

CA). Relative gene expression used 2-∆∆Ct method.

2.5. Cellular mRNA expression

Total cellular RNAs were extracted by TRIzol Reagent (Invitrogen), cleaned by RNeasy 

(Qiagen Sciences, Germantown, MD), with removal of contaminating DNAs by DNase I 

(Invitrogen), and then reverse-transcription by Omniscript RT kit (Qiagen). Oligonucleotide 

primers were synthesized commercially for albumin, α-fetoprotein, cytokeratin-19, vimentin 

and α-smooth muscle actin (Supplementary Table 1). Platinum PCR SuperMix (Invitrogen) 

was used with annealing at 94°C × 5 min, and 35 cycles of 94°C × 30 s, 55°C × 30 s, 72°C × 

45 s and 72°C for 10 min. PCR products were resolved in 1% agarose gels containing 

ethidium bromide.

Global mRNA expression was profiled by U133 2.0 Plus oligonucleotide arrays (Affymetrix, 

ThermoFisher Scientific, Waltham, MA) with initial data analysis as described previously 

[31]. Clustering of mRNA expression profiles by cell types used Affymetrix Transcription 

Analysis Console, version 4 (TAC). Secondary analysis used Ingenuity Pathway Analysis 

(IPA) (Qiagen Inc., Redwood City, CA). Annotations of miRNA targets, canonical 

pathways, upstream transcriptional regulators (TR) and mechanistic networks used IPA. 

Gene expression datasets have been deposited in NCBI’s Gene Expression Omnibus [34], 

and are accessible through GEO Series accession numbers GSE115410, GSE108047 and 

GSE108048 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSExxx).

2.6. Cellular protein expression

Cells were stained histochemically for hepatic and biliary markers, i.e., glucose-6-

phosphatase (G-6-P), gamma glutamyltranspeptidase (GGT) and dipeptidylpeptidase IV 

(DPPIV), as described previously [30,35].

2.7. Statistical methods

All experiments were in triplicate and repeated for reproducibility. Data are shown as means 

± SEM where appropriate. Significance of differences was analyzed by t-tests, Chi-square, 
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analysis of variance (ANOVA) with posthoc tests, or Pearson correlation coefficients by 

GraphPad Prism7 (GraphPad Software, La Jolla, CA). P < 0.05 was considered significant.

3. Results

The cell types in this study, hESC, primary fetal human hepatocytes (FH) sorted for 

epithelial cell adhesion molecule, EpCAM, primary adult human hepatocytes (AH), and 

their derivatives provided hepatic differentiation stages, as follows (Fig. 1): a) PSC were 

represented by undifferentiated hESC capable of forming teratomas [30]; b) primary 

EpCAM+ FH from mid-gestation livers (FH-PP or FH-Ep-PP) [36], possessed stem/

progenitor properties, including multiple epithelial and mesenchymal markers, with capacity 

to generate additional lineages [31,35,37]; c) primary AH from healthy donor livers (AH-

PP) represented hepatic maturity [32]; d) spontaneously originating meso-endodermal cells 

in cultured hESC provided early fetal hepatic-stage (hESC-MEC), as detailed previously 

[30]; e) culture of FH-PP over three passages introduced lineage regression (FH-P3 or FH-

Ep-P3) with resemblance to hESC-MEC [30,31]; and f) AH-PP in primary culture (AH-P0) 

offered another comparison.

3.1. Profiles of miRNA oscillated with alterations in stemness or differentiation states

From 470 annotated miRNA in arrays, we determined approximately 200 miRNA were 

expressed above qRT-PCR detection thresholds in cell types. This was verified by qRT-PCR 

in randomly selected cases (Supplementary Fig. 1).

Presence of hsa-miR-302a, -b, -c, -d, and −200c in hESC versus either FH-PP or AH-PP 

seemed appropriate as these marked pluripotency [9,38–40] (Table 1). However, hESC and 

FH-PP shared multiple miRNA. In FH-PP and AH-PP, miRNA characterizing hepatocytes 

were abundant: hsa-miR-122 [21], −26b, −126, −192, −194 and -let-7 members. However, 

differences in FH-PP and AH included abundances of hsa-miR-30b and −30c in former and 

of -miR-223, −215 and −148a in latter. Therefore, FH-PP exhibited aspects of stem cells and 

also of hepatocytes, which was consistent with their ability to generate additional lineages, 

e.g., chondrocytes and osteocytes or endothelial cells [36,37].

For miRNA regulation in multipotency or early fetal hepatic stages, we compared hESC-

MEC and FH-P3 and noted that 17 of 20 (85%) top 20miRNA were shared (Table 2). In 

these cell types, abundances of hsa-miR-125b, −29a, −100, −221,−222 differed from FH-PP, 

AH-PP or hESC. These cell type-specific differences correlated with global miRNA 

expression profiles (Supplementary Fig. 2). The miRNA in hESC correlated negatively with 

other cell types indicating divergences in pluripotency and differentiation states. The miRNA 

in FH-PP versus AH-PP and also in hESC-MEC versus FH-P3 correlated significantly. 

Hierarchical clustering of 129 miRNA present in at least one cell type each indicated 

variations were related to pluripotency or differentiation in hESC-MEC, FH-P3 and AH-P0 

(Supplementary Fig. 3). In AH-PP after culture, which alters hepatic gene expression 

[16,17], miRNA profile resembled that in FH-P3 (Table 3), including abundant hsa-

miR-638, −26a and −15b. Since these miRNA were also present in hESC, this rapid return 

of their expression in mature hepatocytes seemed remarkable.
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Mapping of chromosomal loci revealed miRNA expressed in cell types were located broadly 

in genome although this distribution pattern significantly varied (Supplementary Fig. 4). 

Thus, locus-specific regulation of miRNA expression could have contributed in expression 

of their targets.

3.2. Induced regulation of miRNA in intermediate stage of pluripotency and 
differentiation

As lineage advancement requires loss of stemness drivers, gain of maturity drivers, or both, 

we examined by synthetic reporters whether miRNA expression was dynamic or fixed. The 

hESC-MEC constituted an excellent paradigm for early fetal-like hepatic transition beyond 

pluripotency. To establish transduction efficiency of synthetic constructs, we used aCy3-

labeled control miRNA sequence: this was incorporated by 90–100% of hESC-MEC at 10–

100 nM with expression at high levels over at least 10–14 days (Supplementary Fig. 5).

Suggested by the efficacy of hsa-miR-122 in hepatic differentiation with or without 

additional miRNA [25,27], first we examined whether synthetic inhibitors would neutralize 

stemness-related miRNA to advance hsa-miR-122-dependent differentiation. We chose 

inhibitors for hsa-miR-222, −100, −221, −99a and −214, due to their abundances in hESC-

MEC and FH-P3 (Table 2, Fig. 2). Also, previously these miRNA induced alternative 

nonhepatic fates in stem/ progenitor cells [2–5,7,26,41,42]. This set of inhibitors for hsa-

miR-222, −100, −221, −99a and −214 was designated the “miR-steminhib” group.

Transfection of hESC-MEC with 20 or 80 nM each of miR-steminhib mimics based on 

relative miRNA abundances in stem cells was nontoxic. Simultaneous transduction of cells 

with hsa-miR-122a mimic to 120 nM was also nontoxic, allowing its expression to levels in 

FH-PP. Thus transcriptional context of hESC-MEC was permissive for hepatic gene 

expression, including for miRNA. However, suppression of hsa-miR-100, −214, −221, −222 

or −99a alone or with co-expression of −122a mimic had no effects on cell morphology to 

consider hepatic differentiation advanced (not shown).

We then examined gain-of-function after verifying absence of hsa-miR-122, −126, −192, 

−194 and −26b in hESC-MEC (Fig. 3A). Mimics for these miRNA were designated “miR-

hepatic” group. Transfections using 120 nM of hsa-miR-122a mimic and 20 nM of other 

mimics approximated their relative levels in FH-PP or AH-PP. Each miR-hepatic member 

was expressed in hESC-MEC (Fig. 3B).

To verify transduced mimics regulated genes, we identified growth differentiation factor-10 

(GDF10) and protocadherin-p2 (PCDHB2) as suitable hsa-miR-122 targets, since these were 

expressed in hESC-MEC. The miR-122a mimic with or without other miR-hepatic group 

members decreased GDF10 and PCDHB2 mRNA levels to indicate appropriate functionality 

(Fig. 4).

In response to miR-hepatic group transfections, morphology of hESC-MEC did not change 

after three or 12 days. However, albumin (Alb) mRNA level increased; and α-fetoprotein 

(AFP) mRNA level decreased (Fig. 5A). Also, expression of mesenchymal markers, 

vimentin and α-smooth muscle actin (SMA) decreased. Expression of neither cytokeratin 
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(CK)-19, a biliary marker, nor hepatobiliary enzymes, G6P, GGT or DPPIV, changed (Fig. 

5B).

3.3. Regulation of miRNA targets in cells

To deepen insights into limited hepatic differentiation in hESC-MEC despite miR-hepatic 

mimics, we queried Affymetrix mRNA datasets for miRNA targets. This was according to 

IPA incorporating TargetScan and TarBase algorithms.

Of 17,335 targets predicted for top 20 miRNA in hESC-MEC, 673 (3.9%) targets were noted 

in 407 mRNAs expressed below RT-PCR detection limits after stemness mRNAs from hESC 

dataset were subtracted for higher stringency. In case of 5 stemness miRNA represented by 

miR-steminhib group, 5748 targets were predicted, of which 220 (3.8%) targets in 191 

mRNAs were actually identified in hESC-MEC.

Similarly, of 18,499 targets predicted for top 20 miRNA in FH-PP, we identified 1260 

targets (6.8%) in 647 nonexpressed mRNA after subtracting hESC-MEC datasets for 

stringency. By contrast, 2370 miRNA targets were predicted for 5 hepatic miRNA 

represented by miR-hepatic group, and 177 (7.5%) targets in 163 mRNA were identified in 

FH-PP cells after subtracting from hESC-MEC.

Canonical ontologies in comparison of miRNA targets in hESC-MEC and FH-PP revealed 

diverse processes (Supplementary Table 2). The miR-steminhib or miR-hepatic group targets 

were fewer. Top molecular and cellular functions of targeted mRNAs in hESC-MEC and 

FH-PP, concerned gene expression, cell growth and proliferation, cell morphology, cell 

movement, cell death and survival, or cellular function and maintenance, but not 

differentiation (Fig. 6A–D). Upstream TR driving gene networks were mined by IPA 

(Supplementary Table 3). For their functional relevance, 15,223 expressed mRNAs identified 

by Affymetrix TAC were studied in hESC-MEC, FH-PP and AH-PP: 6915 (45.5%) were 

common to all; 3538 (23%) were unique to FH-PP; 4770 (31%) were unique to AH-PP. The 

top gene network identified by IPA in mRNA for hESC-MEC concerned HNF4A – a major 

driver of hepatic gene expression (Supplementary Table 4). TR networks also included cell 

survival, proliferation or epithelial-mesenchymal transition, e.g., by Snail (SNAI) [43]. 

HNF4A mRNA network targets in hESC-MEC and FH-PP with reference of AH-PP (n 362) 

were annotated (Supplementary Table 5). In hESC-MEC, > 90% HNF4A-regulated mRNAs 

were absent versus either FH-PP or AH-PP, p < 0.001 (Fig. 6E). HNF4A network was most 

active in AH-PP (Fig. 6F).

In hESC-MEC and FH-PP (compared to AH-PP) least overlapping and largest mechanistic 

TR networks were of HNF4A and HNF1 (downstream to it) (Table 4). Cell cycle-regulated 

networks were prominent in AH-PP, including c-MYC, TP53 and others. As AH-PP are in 

G0/G1 compared with FH-PP or hESC-MEC [31,36,44], this was consistent.

Cell type clustering using mRNA profiles by Affymetic TAC supported proposed lineage 

relationships (Fig. 7A). The signals for HNF4A mRNA (consensus probe 230914_at) in 

hESC-MEC and FH-P3 were much lower than FH-PP and AH-PP (Fig. 7B). SNAI1 mRNA 

was not expressed. While HNF4A mRNA may be targeted by miRNA (hsa-miR-24, −34a or 
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−449a [45,46]), miR-24 was expressed in hESC-MEC, FH-PP and AH-PP, but −34a and 

−449a were absent in all cell types. MiRNA targeting SNAI1 were either absent in all cell 

types (hsa-miR-133, −153) [47,48] or seemed irrelevant due to presence in FH-PP and AH-

PP (−30a, 30d, −22) [49–51]. Mechanistic mapping by IPA of HNF4A mRNA network 

revealed this most favored hepatic gene expression in AH-PP (Fig. 7C). Contrarily, in AH-

PP, c-MYC and TP53 mRNA networks were less permissive for proliferation (Fig. 7D, E). 

The significance of these mechanistic networks was further validated by this.

4. Discussion

Oscillations in miRNA expression during hepatic lineage progression or regression in hESC-

derived and primary FH or AH indicated these were related to developmental stages. 

Coordinated regulation of pluripotency-associated miRNA had been previously noted in 

hESC, e.g., hsa-miR-302 members [9,38–40]. Similarly, regulation of several -let7 family 

members had been previously noted: As features of hESC-derived mesenchymal stem cells 

(MSC) [52]; and here in early fetal stage represented by hESC-MEC or FH-P3 or after 

regression in AH-P0. Since various miRNA, e.g., hsa-miR-122, which characterize 

hepatocytes [21], were well-expressed in AH-PP or FH-PP, this verified usefulness of these 

cell types for stage-specific lineage events and processes.

The ubiquity of multiple miRNA irrespective of pluripotency or lineage differentiation 

stages suggested that these were not determinants of differentiation. This possibility was 

emphasized by recrudescence of miRNA after phenotypic regression in cultured hESC-

MEC, FH-P3 and AH-P0 - including those expressed well in hESC, and reported in hESC-

derived MSC previously [52]. Indeed, 11 of top 20 miRNA in hESC-MEC were actually 

shared with those hESC-derived MSC, including hsa-miR-125, −21, −199, −29, −100, −221 

and -let-7 members (7a, 7f, 7i, 7d and 7e). This lineage-independence of miRNA expression 

was reinforced with most cases of top 20 miRNA in FH-P3 and many in AH-P0. 

Nonetheless, abundances of hsa-miR-21, −7a, −7f and-7d in AH-PP indicated these miRNA 

did not drive hepatic phenotype and cast doubt on the ability of other miRNA to do so.

The transcriptional context of hESC-MEC was permissive for hepatic gene expression. This 

permissiveness extended to hsa-miR-122, −126, −192, −194, and −26b mimics, including 

−122 mimic transfected in conjunction with mimics to inhibit multiple stemness miRNA. 

However, forced expression of miR-hepatic group did not achieve further differentiation, 

contrasting with prior hepatic differentiation studies [25]. We verified efficient incorporation 

and high-level expression of miRNA in cells. Also, the period of up to 12 days was adequate 

for cell differentiation. The assays including Alb and AFP mRNA switches characterizing 

transition from fetal to adult hepatocytes [36], mesenchymal functions reported by vimentin 

and a-SMA mRNAs as a feature of fetal but not adult hepatocytes [30,31], and G-6-P, GGT 

and DPPIV enzyme activities typical of adult hepatocytes [30,31,36] were also appropriate. 

Therefore, we surmised that miRNA were ineffective for further differentiation in hESC-

MEC exemplifying fetal-like hepatic stage [31,44].

Importantly, in hESC-MEC, mRNA targets of miRNA categorized general processes, 

including gene expression, cell growth and proliferation, morphology, movement, assembly, 
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etc. The repertoire of mRNAs targeted by miRNA in hESC-MEC did not directly relate to 

differentiation. We did note potential role of upstream TRs with HNF4A at the top of this list 

and others directing gene expression or networks in cell survival, growth and proliferation, 

etc. As HNF4A network concerns hepatic functions, it was significant this was largely 

down-regulated in hESC-MEC; that component was also downregulated in FH-PP, likely 

because of their immaturity.

Deficiency of HNF4A mRNA itself in hESC-MEC could have arisen from miRNA targeting, 

gene silencing by DNA methylation, or epistatic regulation involving other TR or elements. 

Whereas studies of 3′-UTR and coding regions of HNF4A identified targets for hsa-miR-24, 

−34a and −449a [45,46], these miRNA were either absent in hESC-MEC (miR-34a, −449a) 

or were present in FH-PP and AH-PP (miR-24), thereby excluding this mechanism. 

Although hsa-miR-let7 family was speculated to regulate HNF4A [52], this was unlikely 

since these –let7 members were present in FH-PP and AH-PP without interference in HN4A 

expression. Differences in DNA methylation within chromosomal sites in or near genes, 

including HNF4A, affect gene expression in human pancreatic islets [53]. Hepatic endoderm 

specification or commitment is also characterized at promoter sites by DNA methylation: 

increases during differentiation; decreases following differentiation [54]. This process is 

driven by DNMT1 enzyme – the act of culture in AH rapidly silenced HNF4A via promoter 

methylation [55]. Regression of hepatic differentiation through TR is emphasized by our 

results. Interactions in regulatory epistatic circuits noted in stable liver cell lines, e.g., 

SNAI1,which is involved in epithelial-mesenchymal transitions and induces hsa-miR-200a -

b -c, or −34a, led to repression of HNF4A transcriptionally and, in turn, SNAI1 was counter-

repressed by HNF4A via silencing of −200c and −34a [43]. We noted TR in mRNA 

networks included SNAI1 although this was expressed in neither hESC-MEC nor FH-PP. 

Moreover, hsa-miR-200a -b or -c and −34a were absent from hESC-MEC and FH-PP. 

Although hsa-miR-200b was expressed at low levels in AH, −200a, -c or −34a were absent 

from AH, AH-P0or FH-P3. This suggests cell lines may not inform gene regulation in 

primary hepatocytes.

From translational perspectives, inducing or maintaining hepatic differentiation in stem cell-

derived hepatocytes or natural hepatocytes is critical for drug development or toxicology 

tools, disease models, stem cell biology, cell/gene therapy, etc. Previously, cell culture 

altered an array of miRNA networks in human hepatocytes, which could not be overcome 

for HBV model development [16,17]. In hESC-MEC, greater expression of stemness-

associated miRNA altered cellular and molecular processes, TR networks actually restricted 

differentiation. This role of TR was substantiated by generating hepatocytes with 

overexpression in bone marrow-derived MSC of HNF4A and FOXA3 [56,57]. Similarly, 

HNF4A overexpression restored gene expression in damaged rat hepatocytes [58]. This is in 

agreement with regulation of HNF4A mRNA targets being independent of DNA methylation 

[55]. For hepatic differentiation in stem cells, most attractive strategies will concern 

induction of HNF4A or other TR native to cells. This will also be relevant for overcoming 

alterations by liver injury of differentiation in putative stem cells during hepatic failure or 

oncogenesis.
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Fig. 1. Cells studied.
Phase contrast images of undifferentiated hESC (A), primary human fetal hepatocytes, FH-

PP (B), primary human adult hepatocytes, AH-PP (C), spontaneously originating hESC-

MEC (D), FH-PP cultured for three passages, FH-P3 (E), and AH-PP in primary culture, 

AH-P0 (F). The framework for proposed hepatic differentiation stages is indicated.
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Fig. 2. Repression of stemness-associated miRNA in hESC-MEC.
Expression after 12 days in cell culture of hsa-miR-222, −100, −221, −99b and −214 by 

qRTPCR. These miRNA were not expressed in FH-PP or AH-PP.
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Fig. 3. Expression of hepatic-associated miRNA in hESC-MEC.
(A) Basal expression 12 days after culture of hsa-miR-122, −126, −192, −194 and −26b by 

qRT-PCR in FH-PP, AH-PP and hESC-MEC. (B) After 120nMhsa-miR-122a mimic and 20 

nM each of −126, −192, −194 and −26b mimics, miRNA expression was observed, although 

below FH-PP levels.

Bandi et al. Page 17

Exp Cell Res. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Repression of target mRNAs by miRNA in hESC-MEC.
qRT-PCR for growth differentiation factor-10 (GDF10) (A) and protocadherinbeta-2 

(PCDHB2) (B). Introduction of either miR-122a or miR-hep group of mimics decreased 

mRNA expression in both cases.
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Fig. 5. Induction of hepatic differentiation in hESC-MEC by miRNA mimics.
After transfection of miR-122a alone or miR-Hep group (−122a, −126, −192, −194, −26b) 

gene expression was analyzed by qRT-PCR (A) or cytochemical staining (B). Slight 

increases were noted after miR-Hep group in expression of Alb, AFP and CK-19, although 

vimentin, and α-SMA were still expressed. Cytochemical staining for G-6-P, GGT and 

DPPIV indicated no increases after transfection of mimics.
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Fig. 6. Regulation of mRNAs by differentially expressed miRNA in hESC-MEC and FH-PP.
Affymetrixm RNA datasets were analyzed by IPA for top 20 miRNA targets or steminhib or 

miR-Hep targets after subtraction with hESC (for hESC-MEC) or hESC-MEC (for FH-PP). 

Top cellular and molecular functions of mRNA targeted by stemness miRNA (A, B) 

concerned general processes. The mRNAs targeted by hepatic miRNA (C, D) also concerned 

general processes. The number of mRNA and their contribution to total genes per category 

are listed. P values are included. (E, F) HNF4A mRNA network -hESC-MEC versus FH-PP 
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and AH-PP versus FH-PP. This network was largely silenced in hESC-MEC (E); it was more 

active in AH-PP than FH-PP (F).
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Fig. 7. Lineage progression-related differences in mRNA expression.
(A) Clustering of cell types by global gene expression profiles with Affymetrix TAC. (B) 

HNF4A mRNA expression (probe 230914-at). (C) Mechanistic HNF4A network in AH-PP 

versus FH-PP. This largely elucidated growth-inhibitory effects in AH-PP. (D, E) c-MYC 

and TP53 networks also indicated inhibition of cycling in AH-PP versus FH-PP. Key for 

network interactions is given. Network analysis is from IPA.
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Table 2

Top 20 highly expressed miRNA in hESC-MEC and FH-P3 cells*.

hESC-MEC FH-P3 cells

miRNA
identity

Arbitrary expression
level

miRNA
identity

Arbitrary expression
level

hsa-miR-125b 14.05 hsa-miR-21 15.06

hsa-miR-21 14.01 hsa-miR-
125b

14.48

hsa-miR-199a
a 13.88 hsa-miR-638 14.22

hsa-miR-29a 13.68 hsa-let-7a 14.17

hsa-miR-100 13.63 hsa-miR-23a 13.95

hsa-miR-222 13.47 hsa-let-7f 13.94

hsa-miR-221 13.43 hsa-miR-29a 13.88

hsa-miR-23a 13.33 hsa-miR-23b 13.88

hsa-let-7a 13.30 hsa-let-7c 13.61

hsa-miR-23b 13.20 hsa-miR-221 13.47

hsa-let-7f 13.11 hsa-miR-663 13.47

hsa-miR-214 13.03 hsa-let–7d 13.45

hsa-let-7i 12.99 hsa-miR-
125a

13.39

hsa-miR-99a 12.96 hsa-miR-100 13.32

hsa-let-7c 12.93 hsa-let-7e 13.29

hsa-miR-26a 12.87 hsa-miR-26a 13.28

hsa-let-7d 12.80 hsa-miR-24 13.16

hsa-miR-638 12.73 hsa-let-7b 13.06

hsa-miR-125a 12.58 hsa-miR-222 12.98

hsa-let-7e 12.52 hsa-let-7i 12.86

a
Expression levels represent log2 of median signal intensities in each sample. Bold type indicates miRNA present in both samples.
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