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As the most abundant liver-specific microRNA, microRNA-122 (miR122) played a crucial role in the differen-
tiation of stem cells into hepatocytes. However, highly efficient miR122 delivery still confronts challenges
including poor cellular uptake and easy biodegradation. Herein, we for the first time demonstrated that the
tetrahedral DNA (TDN) nanoplatform had great potential in inducing the differentiation of human mesenchymal
stem cells (hMSCs) into functional hepatocyte-like cells (HLCs) by transferring the liver-specific miR122 to
hMSCs efficiently without any extrinsic factors. As compared with miR122, miR122-functionalized TDN (TDN-
miR122) could significantly up-regulate the protein expression levels of mature hepatocyte markers and
hepatocyte-specific marker genes in hMSCs, indicating that TDN-miR122 could particularly activate the
hepatocyte-specific properties of hMSCs for developing cell-based therapies in vitro. The transcriptomic analysis
further indicated the potential mechanism that TDN-miR122 assisted hMSCs differentiated into functional HLCs.
The TDN-miR122-hMSCs exhibited hepatic cell morphology phenotype, significantly up-regulated specific he-
patocyte genes and hepatic biofunctions in comparison with the undifferentiated MSCs. Preclinical in vivo
transplantation appeared that TDN-miR122-hMSCs in combination with or without TDN could efficiently rescue
acute liver failure injury through hepatocyte function supplement, anti-apoptosis, cellular proliferation pro-
motion, and anti-inflammatory. Collectively, our findings may provide a new and facile approach for hepatic
differentiation of hMSCs for acute liver failure therapy. Further large animal model explorations are needed to
study their potential in clinical translation in the future.

1. Introduction

Acute liver failure (ALF) is a devastating and complicated hepatic
disease caused by various endogenous or exogenous etiologies, such as
autoimmunity or hereditary diseases, drug abuse, viruses, and toxins [1,
2]. ALF is characterized by extensive hepatocellular necrosis, rapid
onset of severe liver dysfunction, and accompanied by systemic
inflammation and multiorgan failure, eventually leading to poor
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prognosis and high mortality [3-6]. Until now, orthotopic liver trans-
plantation is the only definitive curative treatment for ALF. Hence, the
establishment of alternative therapeutic options for effectively treating
ALF is still urgently needed due to the serious shortage of liver organ
donors.

Cell therapy is currently an active research area for ALF treatment by
direct injection of functional cells, such as hepatocytes and stem cells
[7-9]. Although human hepatocytes have been well proven to improve
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liver function in both animal models and clinical trials with liver failure,
obtaining adequate and functional hepatocytes remains a bottleneck for
hepatocyte engraftment because of restricted availability and pheno-
typic instability [10]. As another candidate for cell therapy, stem cells
with various subtypes have been extensively studied for ALF treatment,
among which human mesenchymal stem cells (hMSCs) offer great
therapeutic potential for ALF because of their easy availability and low
immunogenicity [11,12]. Recent research has evidenced that hMSCs are
able to differentiate into hepatocyte-like cells (HLCs) with
hepatic-specific functions, which exhibit promising potential acting as
the alternative cell source for ALF therapy [13,14]. However, the high
cost and complicated differentiation procedures with customized cyto-
kine cocktails may still limit its large-scale production [15].

As the most abundant liver-specific microRNA, microRNA-122
(miR122) played a crucial role in various physiological processes of
liver development, including the differentiation of stem cells into he-
patocytes [16,17]. Overexpression of miR122 can efficiently promote
hepatic differentiation and maturation of stem cells through a
miR122/FoxAl/HNF4a-positive feedback loop [18,19]. Despite the
great advantage of miR122 in inducing hepatic differentiation of stem
cells for ALF treatment, highly efficient miRNA delivery still confronts
challenges such as instability, poor cellular uptake and easy biodegra-
dation [20,21]. Recently, various organic and inorganic nanovehicles
have been intensively studied for miRNA delivery, however, the inad-
equate delivery efficiency and safety concerns including potential cu-
mulative toxicity and immunogenicity may limit their widespread
applications [22]. Therefore, there is a highly urgent demand for miRNA
delivery nanosystems with excellent delivery efficiency and high
biocompatibility. The nucleic acid-based three-dimensional tetrahedral
DNA nanostructures (TDNs) have attractive merits involving unsur-
passed programmability, easy fabrication and good biocompatibility,
which show promising potential as an alternative vehicle for the
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delivery of miRNA [23-29]. TDNs can not only facilitate the loading of
negatively charged miRNA by direct extension or sticky-ended cohesion
using complementary sequences [30,31], but are also able to directly
enter cells by endocytosis without transfection agents based on the
typical spatial structure [32,33]. In particular, TDNs have good
biocompatibility and can protect miRNA from degradation by various
enzymes within cells, which can enhance miRNA stability and improve
cellular uptake and persistent response [34-36]. Therefore, TDNs are
ideal for delivering miRNA to induce stem cell differentiation. Addi-
tionally, previous studies have shown that TDNs perform the capability
to promote cell proliferation, migration, and angiogenesis, as well as
enhance anti-inflammatory and antioxidant effects [37-39]. These
unique biological activities make TDNs the appealing multifunctional
miRNA nanocarrier for inducing stem cell hepatic differentiation in the
synergistic treatment of liver failure.

In this study, we established an efficient TDNs-based miR122 gene
delivery nanoplatform (TDN-miR122), which was sufficient to induce
the human adipose mesenchymal stem cells (hMSCs) hepatic differen-
tiation without additional cytokine support (Fig. 1). The TDN was self-
assembled by mixing stoichiometric quantities of strands S1-S6, and
miR122 was attached to TDN with the ratio of 6:1 via the hybridization
to the single-stranded protruding sequences on the six side arms of TDNs
to obtain the TDN-miR122. Notably, the TDN-miR122 could efficiently
enhance the cellular uptake of miR122 and promote the differentiation
of hMSCs to definitive functionally mature hepatocyte-like cells (TDN-
miR122-hMSCs). Furthermore, the underlying action mechanism of
TDN-miR122-induced mature hepatocyte-like cells was explored by
RNA sequencing analysis. Additionally, after transplantation of the
TDN-miR122-hMSCs into mice with carbon tetrachloride (CCly)-
induced ALF, we found that TDN-miR122-hMSCs could improve liver
function and restore injured livers. Compared to hMSCs, the TDN-
miR122-hMSCs exhibited greater characteristics in a lot of aspects of
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Fig. 1. Schematic overview of TDN-miR122-hMSCs differentiated from hMSCs for the treatment of ALF. The TDN carrying miR122 can effectively enhance miR122
transfection and accelerate hepatic differentiation. The generated TDN-miR122-hMSCs exhibit mature hepatocyte functions and are capable of alleviating ALF injury.
Especially, TDN not only serves as a carrier for inducing hMSCs hepatic differentiation, but also synergistically treats ALF.

51



H. Wei et al.

ALF therapy, such as the hepatocyte function supplement, anti-
apoptosis, cellular proliferation promotion, and anti-inflammatory. In
vivo results indicated that TDN-miR122-hMSCs alone, or in combination
with TDN showed excellent therapeutic potential for CCls-induced ALF.
We expect that the TDNs-mediated miR122 delivery may serve as an
effective approach to induce the differentiation of hMSCs into functional
hepatocyte-like cells, which can provide a feasible cell source for hepatic
regeneration for alleviating ALF injury. In addition, this simple and low-
cost strategy for hMSCs hepatic differentiation may offer an alternative
method of large quantities of hepatocytes production for clinical
applications.

2. Materials and methods
2.1. Fabrication and characterization of TDN-miR122

The formation of TDN-miR122 was carried out as follows: stoichio-
metric mixtures of component oligonucleotides (single-stranded DNA
and double-stranded miRNA) were dissolved in annealing Tris-
magnesium sulphate (TM) buffer solution (consisting of 10 mM Tris,
5 mM MgCly, pH 8.0, Beyotime, China), heated to 95 °C for 5 min, then
gently cooled to room temperature, and then incubated at 4 °C. The
formations of the building unit and TDN-miR122 were characterized by
agarose gel electrophoresis at a constant voltage of 120 V for 40 min.
The agarose gel was immersed in an electrophoretic buffer containing
ethidium bromide (EB, Sigma-Aldrich, USA) dye (0.5 pg/mL) for 20 min,
and was scanned by a UV illumination (312 nm). The morphological
features of TDN-miR122 were characterized by the atomic force mi-
croscopy (AFM, Nanoscope V multimode atomic force microscope
(Dimension Icon (Bruker AXS, US))) image. The average hydrodynamic
diameter of the nanoassembly was assessed by dynamic light scattering
(DLS, Malvern Zetasizer (Nano ZS, Malvern, UK)).

2.2. In vitro biocompatibility evaluation

The human adipose tissue-derived mesenchymal stem cells (hMSCs)
(2 x 10* cells/well) were plated in 96-well plates in 100 pL serum-free
special medium (Saliai Stem cell Science and Technology Co, LTD,
Guangzhou, China) and incubated overnight. Then the cells were incu-
bated with TDN or TDN-miR122 (10 nM, 100 nM, 200 nM) for 24 h.
Subsequently, the culture medium was replaced with cell counting kit-8
(CCK8) reagent for 2 h of incubation at 37 °C. The spectra microplate
reader (BioTek, Synergy H1) was used to measure the absorbance at 450
nm. The untreated cells were used as the control group, only the medium
was blank. Cell viability was determined as the following formula: Cell
cytotoxicity (%) = (Asample - Aplank)/(Acontrol - Ablank) X 100.

2.3. Intracellular uptake of TDN-miR122

The hMSCs were separately seeded into 6-well plate and grown to
around 90% confluency for 24 h before the experiments. After three
times washing with phosphate buffer solution (PBS), the cells were then
incubated with the culture medium containing Fluorescein (FAM)-
labeled-TDN and FAM-labeled-TDN-miR122 for 2 h. After incubation,
cells were collected and centrifuged at 1000 rpm for 5 min and washed
twice with PBS buffer. Finally, the intracellular fluorescence of FAM-
labeled-TDN-miR122 was quantified using a flow cytometer (Novo-
Cyte, Santiago, California, USA). Fluorescence was determined by
counting 20,000 events.

2.4. Subcellular locations and endocytosis mechanism

A colocalization assay was used to study the intracellular trafficking
and localization of TDN-miR122 inside living cells. The hMSCs were
seeded in a 35 mm confocal dish (coverglass-bottom dish) (MatTek
Corp, Ashland, MA, USA) at a density of 1 x 10* cells/cm? under
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standard culture conditions. Then, the cells were washed twice with
PBS, and incubated with FAM-labeled-TDN-miR122 for 6 and 12 h. After
that, the cells were washed by PBS 3 times and stained with 10 pM
LysoTracker Red for 30 min and Hoechst 33342 for 15 min, respectively.
Finally, the cells were washed with PBS buffer 3 times before being
observed with a confocal laser scanning microscope (FV1000, Olympus,
Tokyo, Japan). The excitation wavelengths were 405 nm and 543 nm,
and the corresponding emission wavelengths were in the range of 430/
480 nm and 550/630 nm for FAM and Hoechst 33342, respectively.

To investigate the endocytosis mechanism, cells (1 x 10%) were pre-
incubated with endocytosis inhibitors such as chlorpromazine (CPZ, 10
uM) or ethylisopropylamiloride (EIPA, 50 pM) before the addition of
FAM-labeled-TDN/miR-122. After 30 min, FAM-labeled-TDN-miR122
(200 nM) was added to each sample in serum-free media and incu-
bated at 37 °C in a CO4 incubator for 6 h. Cells were then harvested,
washed twice with PBS (1 mL), and resuspended in ice-cold PBS (500
pL). The internalized TDN-miR122 was analyzed by a flow cytometer
(Beckman, CytoFLEX, USA). For flow cytometric analysis of all samples,
10,000 events were recorded in triplicates and the internalization level
was displayed with mean + standard deviation (SD).

2.5. Hepatic differentiation and characterization

Human adipose tissue-derived mesenchymal stem cells (hMSCs)
were cultured in the serum-free special medium (Saliai Stem cell Science
and Technology Co, LTD, Guangzhou, China). The cells were grown at
37 °C humidified atmosphere containing 5% CO». The cells were then
seeded on 24-well culture plates at a density of 2 x 10° cells/mL. The
cells were cultured and maintained in a serum-free special medium
supplemented with TDN-miR122 (200 nM) for 21 days. The medium
was changed every 2 days. In addition to morphological studies, we
performed reverse-transcription polymerase chain reaction (RT-PCR)
and transcriptome analyses of the in vitro hepatic differentiation of
hMSCs to substantiate the efficiency of the differentiation process. Upon
differentiation, hMSCs-derived hepatocyte-like cells (TDN-miR122-
hMSCs) expressed several markers (Hepatocyte Nuclear Factor 4 Alpha
(HNF4A), Forkhead box A2 (FOXA2), Albumin (ALB), Alpha fetoprotein
(AFP)) in mature hepatocytes. The immunofluorescent staining shows
that the TDN-miR122-hMSCs were positive for ALB, E-Cadherin (ECAD),
and HNF4A and contained lipids and glycogen particles, all consistent
with the results of differentiation to functional hepatocytes.

2.6. Quantitative real-time qRT-PCR for mRNA quantification

The different groups of cells were seeded on 6-well culture plates at a
density of 1 x 10° cells/well. The total RNA was extracted from different
groups of cells, according to the manufacturer’s instructions for the
RNA-Solv reagent. QqRT-PCR was performed with standard HiScript II
One Step qRT-PCR SYBR® Green Kit protocol. All samples were done in
quadruplicate and normalized by the housekeeping gene beta-actin
(B-actin). The RNA quantity and quality were evaluated by NanoDrop
ND-2000 spectrophotometer (NanoDrop, Wilmington, DE, USA). The
relative mRNA fold change was normalized to p-actin expression. The
qRT-PCR primers are listed in Table S2.

2.7. Calcein-AM/Propidium Iodide (PI) double staining

Calcein-AM (Aladdin) stock solution was 1 mM calcein-AM in
dimethyl sulfoxide (DMSO). The stock solution was diluted to 1-50 pM
with PBS. The stock solution of PI (Solarbio) was diluted with PBS to
10-50 pM. The differentiating hMSCs were incubated with the calcein-
AM and PI working solutions for 10-15 min. The samples were exam-
ined using an Ultra VIEW Vo X with excitation wavelengths of 488 and
561 nm.
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2.8. Immunofluorescent staining

Cells were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min
at room temperature, then remove the PFA and washed with PBS. Next,
the cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min
at room temperature. Following washing with PBS, the goat serum was
blocked for 30 min and then washed twice with PBS. Cells were then
incubated overnight with phalloidin-Alexa 488 (Invitrogen) and pri-
mary antibodies against ECAD (1:1000, Cell Signaling), albumin
(1:1000, Invitrogen), hepatocyte nuclear factor 4a (HNF4a) (1:50, Cell
Signaling) at 4 °C. Finally, the cells were washed with PBS and incubated
for 2 h with secondary antibodies Alexa 488 Goat-anti-rabbit (1:500 in
blocking solution; Invitrogen). Following washing with PBS, stained
cells were imaged in confocal (Zeiss LSM 710) mode. 4’,6-diamidino-2-
phenylindole (DAPI) was used to stain the nucleus for 5 min at room
temperature.

2.9. In vivo fluorescence imaging

Briefly, the DiD labeled TDN-miR122-hMSCs were administered into
ALF mice via tail intravenously injection. The mice were imaged with
excitation at 640 nm and emission at 700 nm after 3 days. The nonin-
vasive NIR fluorescence imaging system (IVIS Lumina LT Series III,
PerkinElmer, USA) consists of an excitation light source and a cold
charge coupled device (CCD).

2.10. RNA extraction and library construction

Total RNA was isolated and purified using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) following the manufacturer’s procedure. The
RNA amount and purity of each sample were quantified using NanoDrop
ND-1000 (NanoDrop, Wilmington, DE, USA). The RNA integrity was
assessed by Bioanalyzer 2100 (Agilent, CA, USA) with RIN number >7.0,
and confirmed by electrophoresis with denaturing agarose gel. Poly (A)
RNA is purified from 1 pg total RNA using Dynabeads Oligo (dT)
25-61005 (Thermo Fisher, CA, USA) using two rounds of purification.
Then the poly(A) RNA was fragmented into small pieces using Magne-
sium RNA Fragmentation Module (NEB, cat.e6150, USA) under 94 °C for
5-7min. Then the cleaved RNA fragments were reverse-transcribed to
create the cDNA by SuperScript™ II Reverse Transcriptase (Invitrogen,
cat. 1896649, USA), which were next used to synthesize U-labeled
second-stranded DNAs with E. coli DNA polymerase I (NEB, cat.m0209,
USA), RNase H (NEB, cat.m0297, USA) and dUTP solution (Thermo
Fisher, cat.R0133, USA). An A-base is then added to the blunt ends of
each strand, preparing them for ligation to the indexed adapters. Each
adapter contains a T-base overhang for ligating the adapter to the A-
tailed fragmented DNA. Single- or dual-index adapters are ligated to the
fragments, and size selection was performed with AMPureXP beads.
After the heat-labile UDG enzyme (NEB, cat.m0280, USA) treatment of
the U-labeled second-stranded DNAs, the ligated products are amplified
with PCR by the following conditions: initial denaturation at 95 °C for 3
min; 8 cycles of denaturation at 98 °C for 15 s, annealing at 60 °C for 15
s, and extension at 72 °C for 30 s, and then final extension at 72 °C for 5
min. The average insert size for the final cDNA library was 300 + 50 bp.
At last, we performed the 2 x 150 bp paired-end sequencing (PE150) on
an illumina Novaseq™ 6000 (LC-Bio Technology CO., Ltd., Hangzhou,
China) following the vendor’s recommended protocol.

2.11. Sequence and primary analysis

Cutadapt software (https://cutadapt.readthedocs.io/en/stable/,
version:cutadapt-1.9) was used to remove the reads that contained
adaptor contamination (command line: ~cutadapt -a ADAPT1 -A
ADAPT2 -0 outl.fastq -p out2.fastq inl.fastq in2.fastq -O 5 -m 100).
After removing the low-quality bases and undetermined bases, we used
HISAT2 software (https://dachwankimlab.github.io/hisat2/,version:
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hisat2-2.0.4) to map reads to the genome (for example:Homo sapiens
Ensembl v96), (command line: ~hisat2 -1 R1.fastq.gz —2 R1.fastq.gz -S
sample_mapped.sam). The mapped reads of each sample were assem-
bled using StringTie (http://ccb.jhu.edu/software/stringtie/, version:
stringtie-1.3.4d.Linux_x86_64) with default parameters (command
line: ~ stringtie -p 4 -G genome.gtf -o output.gtf -1 sample input.bam).
Then, all transcriptomes from all samples were merged to reconstruct a
comprehensive transcriptome using gffcompare software (http://ccb.jh
u.edu/software/stringtie/gffcompare. shtml, version: gffcompare -
0.9.8. Linux x86_64). After the final transcriptome was generated,
StringTie and ballgown (http://www.bioconductor.org/packages/
release/bioc/html/ballgown.html) were used to estimate the expression
levels of all transcripts and perform expression level for mRNAs by
calculating FPKM (FPKM = [total_exon_fragments/mapped_reads(mil-
lions) x exon _length (kB)]), (command line: ~stringtie -e -B -p 4 -G
merged.gtf -0 samples.gtf samples. bam). The differentially expressed
mRNAs were selected with fold change >2 or fold change <0.5 and p
value < 0.05 by R package edgeR (https://bioconductor.org/packages/
release/bioc/html/edgeR.html) or DESeq2 (http://www.bioconductor.
org/packages/release/bioc/html/DESeq2.html), and then analysis GO
enrichment and KEGG enrichment to the differentially expressed
mRNAs.

2.12. Transplantation of TDN-miR-122-hMSCs into mice with ALF

The 5-week-old male C57BL/6J mice were housed in laminar flow
cabinets. The food, water, bedding, and cages were all autoclaved before
use. As described in previous studies, the mice were intraperitoneally
injected with 4 pL/g (mouse weight) CCl4 in an olive oil solution to
induce ALF [3]. ALF was confirmed by liver histology and blood
biochemistry 24 h after CCl4 injections. All mice were then randomly
divided into eight groups (fifteen mice for each group). The first group
was untreated male mice as a negative control group. 24 h after the
model induction, groups 2-8 were intravenously injected with 100 pL
0.9% saline as a negative control, hMSCs (5 x 106), TDN-hMSCs (5 x
10%), miR-122-hMSCs (5 x 10°), TDN-miR-122-hMSCs (5 x 10%),
respectively. The CCly-induced ALF mice with or without treatment with
TDN-miR122-hMSCs were assessed after 3 days of cell transplantation.
Finally, mice were euthanized and the main organ sections were
collected and fixed in the 10% neutral-buffered formalin and their liver
and kidney functions were compared with that of healthy control mice.
To assess the curative effect of the TDN-miR122-hMSCs on the liver
structures and functions, the serum was collected to test the alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels
using an ALT/AST assay kit. For the histological analysis, the dissected
liver was weighed and then divided into three parts: one for H&E
staining and BrdU and nuclear protein Ki67 immunohistochemical
staining and the other two for reactive oxygen species (ROS) and tumor
necrosis factor-o (TNF-a) analyses. The study protocol was reviewed and
approved by the Ethical Review Committee for Laboratory Animal
Welfare of Sun Yat-sen University. Written informed consent was ob-
tained from all participants. All experiments were performed in accor-
dance with relevant guidelines and regulations.

2.13. Histological and serological evaluation

To evaluate the therapeutic effect and biosafety of TDN-miR122-
hMSCs, ALF mice were euthanized, and the major organs such as
heart, liver, spleen, lung and kidney were extracted and fixed in 10%
buffered formalin. The tissues were embedded in liquid paraffin and
then were sectioned into 4 pm thick slices. Slices were stained with
hematoxylin and eosin (H&E). The Images were evaluated using a
standard upright histology microscope (Olympus DX45, Japan) for
notable histological observation and histopathological analysis. For
frozen tissue staining, 10 pm thick liver cryosections were fixed with 4%
paraformaldehyde and permeabilized/blocked. To identify proliferating
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cells in liver tissue, the slides were incubated with anti-Ki-67 (1:100)
and counterstained with DAPI which was used for nuclei staining. Be-
sides, terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) staining and counterstaining with DAPI were used in
the assessment of cell apoptosis. Images were taken with a confocal
microscope. Finally, superoxide dismutase (SOD) levels in liver ho-
mogenate were determined. To evaluate the therapeutic efficacy, liver-
related ALT and AST, as well as kidney-associated serum urea nitrogen
(UN) and serum creatinine (CREAT) toxicity were measured. Moreover,
the main cytokine (TNF-a) as a systemic inflammation marker was
analyzed.

2.14. Statistical analysis

All statistical data were analyzed by GraphPad Prism 6.0 (GraphPad
Software). Results are represented as mean + standard deviation (SD). A
one-way analysis of variance (ANOVA) test and Two-tailed Student’s t-
test or 2-sided Welch’s t-test were used as appropriate. To ensure sta-
tistical power, the numbers of experimental replicates are at least three
replicates in vitro, the mice experimental groups were typically
composed of 5 animals each. The statistical significance is represented
by the bars and asterisks where *p < 0.05, **p < 0.01, ***p < 0.001,
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¥k < 0.0001, ns is not significant.
Ethical statement

All experimental protocols using hMSCs primary cells, and animal
experimental protocols were approved by the Institutional Animal Care
and Use Committee (IACUC) and Animal Experiment Center of Sun Yat-
sen University. All animals were cared for in accordance with the re-
quirements of the Laboratory Animal Welfare Act and amendments
thereof.

3. Results and discussion
3.1. Characterization of TDN-miR122

The TDN-miR122 was prepared through a careful annealing process
by one-step self-assembly of tetrahedral skeleton DNA fragments and
miR122 (Table S1) at the ratio of 1:6 based on the DNA self-assembling
design principle and theoretical evaluation of UNPACK and SEQUIN
programs [40]. The agarose gel electrophoresis analysis demonstrated
the stepwise assembly of TDN as each strand was added (Fig. 2A). The
resultant DNA nanoassembly showed a single band, indicating that the
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Fig. 2. Characterizations of TDN and TDN-miR122. (A) Agarose gel electrophoresis showing the successful synthesis of the TDN-miR122 (M: Marker, a: miR-122, b:
S1, c: S1+8S2, d: S1+S2+83, e: S1+S2+S3+54, f: S1+S2+S53+S54+S5, g: S1+52+S53+S54+S5+S6 (TDN), h: TDN-miR122). (B-C) The AFM images of the TDN (B) and
TDN-miR122 (C). (D) Hydrodynamic diameters of the TDN and TDN-miR122. (E) Zeta potentials of TDN and TDN-miR122. (F) The cytotoxicity of various con-
centrations of TDN and TDN-miR122 towards hMSCs at 24 h. (G) Fluorescent images of cellular uptake of TDN and TDN-miR122-FAM in hMSCs after incubation for
6 h (scale bar: 50 pm). Red: LysoTracker; Green: FAM-labeled TDN and TDN-miR122; blue: Hoechst33342-stained nuclei. (H) FACS evaluation to monitor the TDN
and TDN-miR122 uptake in hMSCs for 2 h. (I) Cellular uptake efficiency of TDN-miR122-FAM in hMSCs in the presence of endocytosis inhibitors: chlorpromazine
(CPZ, 10 pM, clathrin-mediated endocytosis), 5- (N-ethyl-N-isopropyl) amiloride (EIPA, 50 pM, macropinocytosis). The lowered uptake levels at 4 °C indicated
endocytosis of TDN-miR122. Data are represented as mean + standard deviation (SD) (n = 3). ****P < 0.0001; ***P < 0.001; **P < 0.01. (J) Schematic illustration

of the cellular uptake pathways of TDN-miR122.
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TDN-miR122 was successfully prepared with a high yield. The atomic
force microscopy (AFM) images revealed that TDN was nanosized par-
ticles with a diameter of about 55 nm (Fig. 2B). After miR122 modifi-
cation, the size of TDN-miR122 increased slightly to about 65 nm
(Fig. 2C). Dynamic light scattering (DLS) and zeta potential character-
izations were further applied to confirm the conjugation of miR122 to
TDN. As shown in Fig. 2D and E, the TDN had an average size of 58.81 +
3.63 nm and a zeta potential of —13.37 + 0.54 mV. After miR122
loading, the average size of TDN-miR122 increased to 65.26 + 4.34 nm
and the zeta potential decreased to —25.89 + 3.13 mV. The poly-
dispersity indexes of TDNs and TDN-miR122 are 29.32% =+ 1.67% and
27.51% + 1.56%, respectively. Furthermore, although miR122 with
2'-OMe-modified bases could enhance serum stability, the TDN-miR122
showed further greatly improved serum stability compared with miR122
(Fig. S1), indicating that TDN-miR122 endowed miR122 cargo effective
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resistance against unfavorable degradation and sustained release under
physiological conditions.

High biosafety is essential for using the TDN nanoplatform for
miR122 delivery. The cytotoxicities of TDN and TDN-miR122 at
different concentrations toward hMSCs were analyzed using the cell
counting kit-8 (CCK8) kits. As shown in Fig. 2F, both TDN and TDN-
miR122 exhibited minimal effects on cell viability, even at high con-
centrations, indicating the good biocompatibility of TDN-miR122. Ac-
cording to the CCK8 assays, 100 nM was determined as the optimal
concentration of TDN and TDN-miR122 for subsequent studies. To
evaluate the hepatic differentiation capability of TDN-miR122, we first
assessed its capability to enter hMSCs, which was the first step before it
could perform its biofunction to induce differentiation. As illustrated in
Fig. 2G and H, the fluorescent images and flow cytometer (FACS)
analysis revealed that TDNs carrying miR122 did not affect their entry

A B Fig. 3. TDN-miR122 inducing functional hepatocyte-
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T - — staining of hepatocyte markers, including ALB (A-B),
é B 600 = HNF4A (C-D) and ECAD (E-F) expressions in the
B % TDN-miR122 induced MSCs-Hep cells (TDN-miR122-
= © 400 MSCs) for 21 days, and the corresponding quantified
'(% results. Nuclei were stained with DAPI (scale bar:
E 200 100 pm). (G) The mRNA expression levels of
hepatocyte-specific marker genes (ALB, FOXA2,
c D 0- HNF4A and AFP) in differentiated cells at 21 days.
_ 600 — (H) The detection of ALB in the cell culture medium
% - |  of TDN-miR122-hMSGs after 21 days. (I) The char-
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into hMSCs. Furthermore, the TDN-miR122 could successfully escape
from lysosomes and be released into the cytoplasm at 6 h, which was
important for the bioapplications of miR122 in hMSCs. To further
investigate the pathway mediating the cellular uptake of the TDN-
miR122, the impacts of energy inhibition (4 °C), and two endocytosis
inhibitors (chlorpromazine, an inhibitor of clathrin-mediated endocy-
tosis, and 5-(N-ethyl-N-isopropyl) amiloride, an inhibitor of macro-
pinocytosis) for cell entry were evaluated. The FACS analysis and the
corresponding statistical results in Fig. 21 and S2 proved that the cellular
uptake of TDN-miR122 was greatly suppressed by both temperature
decrease and endocytosis-related inhibitors, suggesting that the cellular
uptake of TDN-miR122 primarily followed the energy-dependent and
endocytosis-dependent pathways (Fig. 2J).

3.2. TDN-miR122 inducing functional hepatocyte-like cells from hMSCs

Afterwards, to determine the effects of TDN-miR122 during hepatic
differentiation of hMSCs, the hMSCs were exposed to the cell culture
medium in the presence or absence of TDN-miR122 over the course of 21
days. The remarkable morphological changes were observed after 21
days of differentiation induced by TDN-miR122 (Fig. S3). Undifferen-
tiated hADSCs presented a typical fibroblast-like cell shape, while TDN-
miR122-induced hepatocyte-like cells (TDN-miR122-hMSCs) exhibited
the polygonal and round morphologies. To determine the maturation
level and fate of the hepatocyte-like cells after TDN-miR122-induced
differentiation for 21 days, the protein expression levels of mature he-
patocyte markers in cells, such as albumin (ALB), hepatocyte nuclear
factor 4 alpha (HNF4A) and E-cadherin (ECAD) were assessed. The
immunofluorescent staining and the corresponding quantitative data
(Fig. 3A, B) indicated that the significant up-regulation of ALB expres-
sion was observed in the TDN-miR122-hMSCs group as compared to the
hMSCs group and the miR122-induced hepatocyte-like cells (miR122-
hMSCs) group, which quantitatively increased 4.80-fold and 1.77-fold,
respectively. Moreover, the levels of HNF4A in cells treated with TDN-
miR122 were increased approximately 3.86-fold and 1.94-fold
compared with those in untreated hMSCs and hMSCs treated with
miR122, respectively (Fig. 3C, D). Similarly, ECAD expression levels in
the TDN-miR122-hMSCs group were 5.23-fold and 2.01-fold higher than
those in the hMSCs group and the miR122-hMSCs group (Fig. 3E, F),
similar to expression levels in the human normal liver cell (LO2)
(Fig. S4). The above phenomena suggested that TDN-miR122 could
efficiently promote hepatic-directed differentiation as compared to
miR122.

Subsequently, the expressions of hepatocyte-specific markers genes
in differentiated cells at 21 days, including ALB, FOXA2, AFP, and
HNF4A, were also characterized by quantitative real-time polymerase
chain reaction (QRT-PCR) analysis (Fig. 3G). The gene expression of ALB
was markedly upregulated in the hMSCs treated with TDN-miR122
compared with control hMSCs (19.30-fold) and miR122-treated MSCs
(1.39-fold). In addition, the mRNA expressions of FOXA2, AFP, and
HNF4A were also significantly upregulated. Furthermore, compared to
hMSCs and miR122-hMSCs, the induced TDN-miR122-hMSCs exhibited
much higher levels of lipid accumulation and glycogen production as
evidenced by Oil Red O staining and periodic acid-Schiff (PAS) staining
(Fig. 3I and J), representing important biofunctions of mature hepato-
cytes (Fig. S5). Additionally, it was found that the TDN-miR122-hMSCs
could effectively enhance the ALB secretion (Fig. 3H) and urea pro-
duction (Fig. 3K) in the medium supernatants. Taken together, all these
results proved that TDN-miR122-induced hMSCs could be successfully
differentiated into hepatocyte-like cells exhibiting typical mature he-
patic functional features, which might be great candidates to improve
liver biofunctions in ALF.
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3.3. Transcriptome analysis reveals the underlying differentiation
mechanism of TDN-miR122-hMSCs

To further investigate the differentiation phenotype and the molec-
ular profiles of the TDN-miR122-hMSCs generated with our protocol, we
performed mRNA sequencing on hMSCs and TDN-miR122-hMSCs. As
displayed in Fig. 4A, the principal component analysis (PCA) demon-
strated that the expressed genes of the TDN-miR122-hMSCs group were
extremely distinct from the hMSCs group. The venn diagram showed
that 20718 genes were co-expressed by two groups, whereas 2938 genes
were exclusively expressed in the TDN-miR122-hMSCs group (Fig. 4B).
Volcano plots and heatmaps then further highlighted 224 differentially
expressed genes (DEGs), of which 139 and 85 genes were upregulated
and downregulated, respectively (Fig. 4C, S6). Moreover, Gene
Ontology (GO) enrichment analysis showed that the DEGs were mainly
enriched in 25 biological processes (Fig. S7, S8). Notably, cell adhesion,
lipid metabolism, as well as multicellular organization development as
the significantly enriched terms, would affect the developmental po-
tential of liver organoids. In particular, the chord diagram of GO cate-
gories showed that the genes upregulated in TDN-miR122-hMSCs group
were mainly enriched in "Cell differentiation", "Cell adhesion", "Cytokine
activity" and "Growth factor activity", accounting for more than 50.0%
of all the DEGs (Fig. 4D). To further characterize the hepatic differen-
tiation and maturation of TDN-miR122-hMSCs compared with the
hMSCs, the expression profiles of mature liver signature genes were
analyzed. The heatmaps showed that the expressions of hepatocyte-
related genes (Fig. 4E), genes related to bile acid synthesis (Fig. 4G),
as well as the fat and lipid metabolism genes (Fig. 4H) were obviously
upregulated in the TDN-miR122-hMSCs group.

Moreover, we conducted a protein-protein interaction (PPI) network
analysis of representative DEGs involved in the genes relating to specific
liver functions using the STRING database (Fig. 4I), which revealed the
functional linkages among proteins encoded by DEGs. To further illus-
trate the mechanism of action, the heatmap analysis figured out that
TDN-miR122-hMSCs promoted the up-regulation of related genes in the
VEGF signaling pathway, which was highly associated with the hepa-
tocytes maturation of the TDN-miR122-hMSCs (Fig. 4F). Simulta-
neously, to determine the main affected pathways, Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis indicated
that the DEGs were remarkably enriched in TGF-p signaling pathway,
MAPK signaling pathway, VEGF signaling pathway, and so on, which
were highly associated with the liver differentiation and liver homeo-
stasis (Fig. 4J). Interestingly, the KEGG analysis of the DEGs was
consistent with our findings (Fig. 4F), which would be of great help to
clarify the molecular mechanism underlying the conversion of hMSCs
into hepatocyte-like cells.

3.4. In vivo therapeutic efficiency of TDN-miR122-hMSCs on ALF mice

Encouraged by the impressive hepatic functional features of TDN-
miR122-hMSCs, we then investigated the in vivo therapeutic perfor-
mance of TDN-miR122-hMSCs in the CCls-induced ALF model (Fig. 5A).
Previous studies have indicated that intravenous injection is a common
route for cell transplantation in both preclinical and clinical research
due to its minimal invasion and easy operation [41,42]. However, the
high ROS level and inflammatory environment in the ALF liver may
cause apoptosis and necrosis of transplanted cells [5,43,44]. Therefore,
we also used TDN as the protective nanoagent for injecting
TDN-miR122-hMSCs since TDN possessed unique anti-inflammatory
and antioxidant activities [34,45]. The therapeutic transplantation
procedures were illustrated in Fig. 5A. On day 3 after treatment, the
mice were sacrificed, and the primary organs (heart, liver, spleen, lung
and kidney) were dissected. As shown in Fig. 5B-D, the
TDN-miR122-hMSCs group showed a significant therapeutic effect,
while the serious edematous pale liver morphologies were observed in
the ALF (CCly-pretreatment) group and hMSCs-treated group. Likewise,
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Fig. 4. Transcriptome analysis reveals the underlying action mechanism of TDN-miR122 induced hMSCs-Hep. (A) Principal component analysis (PCA) was per-
formed based on differentially expressed genes from TDN-miR122-hMSCs and hMSCs groups. Each data point corresponds to the PCA analysis of each sample. (B)
Venn diagram of mRNAs differentially expressed in TDN-miR122-hMSCs groups and hMSCs groups. (C) A volcano plot showing the differences in gene expression
between TDN-miR122-hMSCs groups and hMSCs groups. Blue points represent genes that were significantly reduced with a fold change >2, and red points rep-
resented significantly upregulated genes with a fold change >2. Gray points represents no significant difference. (D) Gene ontology (GO) enrichment analysis of the
subordination between the representative differentially expressed genes and their enriched pathways. (E) Heatmap representing the expression of genes relating to
specific liver functions (hepatocyte-related genes) in TDN-miR122-hMSCs groups and hMSCs groups, which further verified that hMSCs-Hep had the biological
function of hepatocytes. (F) Heatmap representing the expression of genes relating to the VEGF signaling pathway in TDN-miR122-hMSCs groups and hMSCs groups.
(G) Heatmap representing the expression of genes relating to the bile acid synthesis in TDN-miR122-hMSCs groups and hMSCs groups. (H) Heatmap representing the
expression of genes relating to the fat and lipid metabolism in TDN-miR122-hMSCs groups and hMSCs groups. (I) PPI network consists of representative genes related
to hepatic function and metabolism process markers, circles represent genes, and area of the circle represents the degree of genes. (J) Bubble charts show the KEGG
pathway analysis results of differentially expressed genes (Top 20 KEGG pathways of differentially expressed genes).

the livers in the TDN-miR122-hMSCs combined with the TDN treatment -+ TDN-miR122-hMSCs group, mainly accumulated around the blood

group presented a smooth surface with homogenous dark brown color, vessels of the liver, further suggesting the transplanted
exhibiting no difference compared with the control (healthy mice) TDN-miR122-hMSCs were capable of engrafting in the ALF mice liver.
group. To further investigate the homing level of TDN-miR122-hMSCs, we

To delineate the exact localization and growth pattern of the infused performed the qRT-PCR analysis of human-specific Alu sequences in ALF
TDN-miR122-hMSCs, the recipients were sacrificed 3 days after trans- mice liver tissues among different treatment groups (Fig. 5G). The high

plantation and the presence of TDN-miR122-hMSCs in different internal Alu levels of the TDN-miR122-hMSCs group and the TDN + TDN-
organs was evaluated. As illustrated in Fig. 5E and S9, the labeled hMSCs miR122-hMSCs group in ALF mouse liver indicated that TDN-miR122-
and TDN-miR122-hMSCs were predominantly present in the lung and hMSCs maintained good migration and growth ability in ALF mice.
liver, and no substantial TDN-miR122-hMSCs migration into other or- Furthermore, immunofluorescence staining also helped distinguish the
gans was detected. It was worth noting that, as compared with other existence of human hepatocytes in the liver tissue of ALF mice via the
treatment groups, the co-injection of TDN-miR122-hMSCs and TDN human species-specific markers of HNF4a after the TDN-miR122-hMSCs
improved the TDN-miR122-hMSCs accumulation in the liver, implying and the TDN + TDN-miR122-hMSCs treatments (Fig. 5H). Overall, all
that TDN could help reduce the TDN-miR122-hMSCs damages induced these results indicated that the TDN-miR122-hMSCs grafts, combined

by oxidative stress and inflammation in ALF lesion [36,46,47], which with or without TDN treatment, exhibited great therapeutic potential for
further enhanced the utilization of TDN-miR122-hMSCs. In addition, the ALF in vivo.

fluorescence scanning imaging results of the whole liver (Fig. 5F) After demonstrating that TDN-miR122-hMSCs could be efficiently
showed that the strong fluorescence of TDN-miR122-hMSCs in liver engrafted into the liver of ALF mice, we then evaluated the in vivo

tissues could be observed in both TDN-miR122-hMSCs group and TDN therapeutic performance of TDN-miR122-hMSCs. As shown in Fig. 5J,
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Fig. 5. In vivo therapeutic efficiency of TDN-miR122-hMSCs on ALF mice. (A) Schematic diagram of the experimental procedure. Intravenous injection (I.V.),
Intraperitoneal injection (I.P.). (B-D) Digital photos of major organs from ALF mice after various treatments at the end of the experiment (I: undifferentiated hMSCs,
II: TDN treated hMSCs, III: miR122 treated hMSCs, IV: TDN-miR122 treated hMSCs, V: free-TDN, VI: TDN + TDN-miR122 treated hMSCs). (E) In vivo fluorescence
biodistribution images of various tissues (hearts, livers, spleens, lungs and kidneys) at 3 days after intravenous injection of the DiD labeled different cells. (F) The
whole liver scanning distribution image of TDN-miR122-hMSCs group and TDN-miR122-hMSCs combined with TDN treatment group, cells were labeled with DiD
dye (scale bar: 1 mm). (G) Quantitative real-time PCR (qRT-PCR) was used to measure human Alu-sequences specificity (the most conserved region in human DNA)
for the identification and quantification of human cell lines (rose red: ALF, blue: hMSCs, orange: TDN treated hMSCs, green: miR122 treated hMSCs, pink: TDN-
miR122 treated hMSCs, dark green: free-TDN, purple: TDN + TDN-miR122 treated hMSCs). (H) Immunofluorescent staining of hepatocyte marker human HNF4«
expression in liver tissue of TDN-miR122-hMSCs groups and TDN-miR122-hMSCs with TDN added treatment group (scale bar: 100 pm). (I) H&E stain (N, necrosis),
Ki67-positive cells (red nuclei) and TUNEL-positive cells (red nuclei), TNF-o and ROS concentrations (Scale bar: 50 pm) of the liver tissues from ALF mice treated
with different groups on day 3 (Scale bar: 100 pm) (I: undifferentiated hMSCs, II: TDN treated hMSCs, III: miR122 treated hMSCs, IV: TDN-miR122 treated hMSCs, V:
free-TDN, VI: TDN + TDN-miR122 treated hMSCs). (J) Analysis of hematological markers of liver damage (Normal range (blue background). ALT, alanine
aminotransferase; AST, aspartate aminotransferase in the ALF mice after different treatments. (K) The detection of urea nitrogen (UN) in the serum of mice after

various treatments.
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the serum levels of AST and ALT in mice, which were typical diagnostic
indicators for ALF, decreased significantly on day 3 after the intravenous
injection of hADMSCs and TDN-miR122-hMSCs. Particularly, the AST
and ALT levels in the TDN-miR122-hMSCs treatment group tended to
return to normal levels. Interestingly, the injection of TDN through tail
vein also had a certain therapeutic potential. Notably, TDN significantly
increased the SOD level in the ALF liver (Fig. S10). Additionally, the
levels of serum urea nitrogen (UN) and serum creatinine (CREAT)
decreased significantly (Fig. 5K and S11), indicating that the TDN-
miR122-hMSCs treatment groups avoided the complications caused by
ALF, such as renal failure.

To further evaluate the therapeutic effectiveness and safety, the
biochemical indices were assessed from liver tissue sections. As illus-
trated in Fig. 51, livers in the ALF, hMSCs, TDN-hMSCs, miR122-hMSCs
and TDN groups showed massive liver necrotic damage, while the livers
in the TDN-miR122-hMSCs group and the TDN + TDN-miR122-hMSCs
group displayed minimal necrosis, proving the efficient therapeutic ca-
pacity of TDN-miR122-hMSCs. In addition, no significant morphological
and histopathological abnormalities were observed in major organs
(heart, spleen, lung, and kidney) stained with the hematoxylin and eosin
(H&E) in the TDN-miR122-hMSCs group and the TDN + TDN-miR122-
hMSCs group (Fig. S12), demonstrating that TDN-miR122-hMSCs and
TDN had no serious side effects and systemic toxicity. Ki67 staining and
TUNEL immunofluorescence analysis revealed that the TDN-miR122-
hMSCs group and the TDN + TDN-miR122-hMSCs group could effec-
tively promote hepatocyte proliferation and inhibit apoptosis, indicating
a high level of liver protection and regeneration (Fig. 5I). For further
validating the effect of alleviating oxidative stress and inflammation of
TDN-miR122-hMSCs, we assessed the levels of TNF-a and ROS in mice
livers. TNF-oo immunofluorescence analysis and ROS immunofluores-
cence analysis exhibited that the TDN + TDN-miR122-hMSCs treatment
highly improved the antioxidant and anti-inflammatory levels in liver
tissue. Collectively, all these findings suggested that the TDN + TDN-
miR122-hMSCs treatment could efficiently scavenge excessive ROS,
suppress the inflammatory response, reduce hepatocellular necrosis, and
eventually improve hepatic regeneration, exhibiting excellent thera-
peutic efficacy in a mouse ALF model.

4. Conclusion

In summary, we fabricated the TDNs-based miR122 gene delivery
nanoplatform to induce the hepatic differentiation of hMSCs to func-
tionally mature hepatocyte-like cells for ALF therapy. On the one hand,
the TDN-miR122 could effectively improve the cellular uptake effi-
ciency of miR122 through macropinocytosis and caveolae-mediated
endocytosis. On the other hand, TDN-miR122 could efficiently pro-
mote the hepatic-directional differentiation of hMSCs in one step
without additional cytokine support. Both the hepatic biofunctions and
transcriptome-based bioinformatics analysis indicated that TDN-
miR122-hMSCs possessed the mature hepatocyte phenotype. In vivo
study showed that intravenous transplantation of TDN-miR122-hMSCs
was effective in rescuing ALF by improving liver functions and
restoring injured livers with few side effects. It was worth noting that the
collaboration of TDN as an antioxidant and TDN-miR122-hMSCs could
well protect TDN-miR122-hMSCs activity, weaken its damage in ALF
lesions, and improve its utilization. Collectively, the present study pro-
vides a new and simple strategy to induce the differentiation of hMSCs
into functional hepatocyte-like cells based on TDN-miR122, which
represents a feasible and alternative cell source for hepatic regeneration
for alleviating ALF injury. Moreover, the TDNs-based nanoplatform
provides extendable strategies for other DNA and RNA cargos delivery in
various biomedical fields. Further large animal model explorations and
understanding of the hepatic differentiation degree and biofunctions of
TDN-miR122-hMSCs are needed for the confirmation of their potential
in clinical translation.
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