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MicroRNA-27b Enhances the Hepatic Regenerative
Properties of Adipose-Derived Mesenchymal Stem Cells

Kuang-Den Chen', Kuang-Tzu Huang', Chih-Che Lin', Wei-Teng Weng', Li-Wen Hsu', Shigeru Goto'? Toshiaki Nakano'?,
Chia-Yun Lai', Chao-Pin Kung', King-Wah Chiu', Chih-Chi Wang', Yu-Fan Cheng'#,Yen-Ying Ma® and Chao-Long Chen'

Adipose-derived mesenchymal stem cells (ASCs) are readily available multipotent mesenchymal progenitor cells and have
become an attractive therapeutic tool for regenerative medicine. We herein investigated the mechanistic role of how miR-
27b modulated regenerative capacities of ASCs. Intravenous administration of miR-27b-transfected ASCs (ASCs-miR-27b)
was conducted after 70% partial hepatectomy (PH). After PH, rats injected with ASCs-miR-27b had decreased inflammatory
cytokines and increased hepatocyte growth factor and other related growth factors.We showed that the nature of ASCs-miR-27b
to inhibit hepatic stellate cell activation was dependent upon peroxisome proliferator-activated receptor gamma coactivator-1
alpha (PGC-1q) in vitro. Moreover, expression of miR-27b in ASCs induced heme oxygenase-1 (HO-1), resulting in increased
production of ATP, protective cytokines/growth factors, and genes involved in mitochondrial biogenesis in a PGC-1a-dependent
manner. RNA sequencing (RNA-Seq) analysis revealed drastic transcriptional changes in livers treated with ASCs-miR-27b
after PH. The differentially expressed genes classified into “regeneration,” “fibrosis,” and “mitochondrial biogenesis” clusters
were mainly mitochondrial. The potential biological context reflecting the effects of PGC-1a by ASCs-miR-27b treatment was
also observed by the subnetwork analysis with HO-1 and PGC-1a. being the top-ranked regulatory genes. We demonstrate
autologous ASCs-miR-27b enhances liver regeneration and, importantly, preserves hepatic function through paracrine actions
which offers a viable therapeutic option to facilitate rapid recovery after liver injury.
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Introduction Due to the abundance and ease of harvest, adipose-derived

MSCs (ASCs) are readily available adult stem cells that have

Mesenchymal stem cells (MSCs) are nonhematopoietic mul-
tipotent stem cells, elaborated from various tissues such as
bone marrow, cord blood, adipose tissue, amniotic fluid, etc.
and are defined as adherent, fibroblastoid-like cells that can
differentiate into osteoblasts, adipocytes, and chondrocytes
in vitro."? They typically do not express hematopoietic stem
cell markers, but they do express a quite specific pattern of
molecules, such as SH2 (CD105), SH3, SH4 (CD73), CD106
(vascular cell adhesion molecule 1 (VCAMT)), CD54 (intra-
cellular adhesion molecule 1 (ICAMT)), CD44, CD90, CD29,
and STRO-1.3# In recent years, researchers have found that
MSCs exert immunomodulatory effects and suppress alloge-
neic antigen-induced T lymphocyte proliferation.>¢ The multi-
potent capacity of MSCs has made them an attractive tool for
cell therapy and tissue engineering. However, such therapies
can be restricted by the limited ex vivo expansion rate. In the
bone marrow, there is only a small fraction of MSC popula-
tion and, therefore, it is necessary to expand them in vitro to
obtain a sufficient number of cells for therapeutic purposes.

become increasingly popular for use in regenerative cell
therapy. A recent study demonstrated long-term engraftment
of human ASCs-derived hepatocyte-like cells in a xenoge-
neic transplantation model of liver regeneration.” The special
ability of ASCs for hepatocyte differentiation in vitro and liver
regeneration in vivo has been highlighted by Banas et al.®
Their work suggests that ASCs may be a superior choice
for the establishment of therapeutic transplantation for liver
injury.

There are several studies regarding the immunological
aspects of MSCs in transplantation. ASCs have also been
reported to inhibit activation, proliferation, and function of
immune cells, including T cells, B cells, natural killer cells,
and antigen-presenting cells.®"® Ryan et al. reported that
MSCs could avoid allogeneic rejection and suggested poten-
tial uses in regenerative medicine.” MSCs have been shown
to prolong graft survival in allogeneic skin and heart trans-
plantation models."? Furthermore, Wan et al. applied MSCs
to a rat liver transplantation model and demonstrated that
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MSCs clearly inhibit recipient-derived T lymphocyte prolif-
eration and alleviate acute rejection following orthotopic liver
transplantation.® However, others have revealed that MSC
infusion resulted in faster rejection as compared to con-
trols.’>'* Recently, it has been shown that MSCs exhibit an
opposite stimulating effect only on Th17 cells while T-cell acti-
vation has occurred.' Baertschiger et al. also demonstrated
that MSCs in certain circumstances might be harmful due to
their fibrogenic potential and this should be seriously consid-
ered before use of MSCs for stem cell therapy.'® Thus, further
investigations are required to determine the molecular mech-
anisms of ASCs in their immunosuppressive and regenera-
tive properties in detail.

We have primarily found an important role of miR-27b in
immunosuppressive activity in ASCs in our rat orthotopic
liver transplantation models and reported that the regenera-
tive capacities of ASCs with overexpressed miR-27b were
significantly higher compared with control ASCs.""'® How-
ever, the enhanced regeneration, hepatic differentiation, and
suppressed liver inflammation were significantly reverted
by coadministration of heme oxygenase-1 (HO-1) inhibi-
tor indicating an important role of HO-1 in the regenerative
and cytoprotective activities of miR-27b-transfected ASCs.
In the present study, we found that miR-27b-increased HO-1
expression in ASCs was mediated by a peroxisome prolif-
erator-activated receptor gamma coactivator-1 alpha (PGC-
10)-dependent pathway. The greater expression of PGC-1a
in ASCs with miR-27b overexpression, a consequence from
suppression of Fbxw7, also resulted in induction of several
anti-inflammatory cytokines and protective factors, augment-
ing liver regeneration of hepatectomized rats that under-
went ASC therapy. We attempted to determine the interplay
between miR-27b, PGC-10, and HO-1 in ASCs and investi-
gate their importance in stem cell therapy using sequencing
technology for transcriptome analysis in our model of liver
regeneration. Our data demonstrated that the enhancement
of regenerative capacities in miR-27b-transfected ASCs
might result from elevated levels of genes involved in mito-
chondrial biogenesis as well as anti-inflammatory and cyto-
protective factors that act in a paracrine manner.

Results

Intravenously  introduced ASCs with miR-27b
overexpression inhibit liver enzyme release and systemic
inflammation after partial resection

To evaluate the effects of miR-27b on the anti-inflammatory
properties of ASCs in an animal model, cells (2x10°) were
transfected with control siRNA (siRNC) or miR-27b-mimic and
i.v. injected into the LEW rats after a 1-day recovery period
following 70% partial hepatectomy (PH). Levels of serum ala-
nine aminotransferase (ALT) and aspartate aminotransferase
(AST) were measured as specific indicators of liver inflam-
mation and liver function to assess hepatocyte damage. As
shown in Figure 1a, elevated levels of serum ALT and AST
at day 2 after 70% PH were slightly reduced by control ASC
(ASCs-siRNC) administration, whereas the elevation was
drastically abolished by treatment with ASCs transfected with
miR-27b (ASCs-miR-27b). Furthermore, elevated protein lev-
els of tumor necrosis factor-alpha (TNF-o) and interleukin-6
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(IL-6) in the serum and mRNA levels of transforming growth
factor-beta 1 (TGF-f1), matrix metalloproteinase 2 (MMP2),
and MMP9 in rat liver, responsible for the induction of inflam-
matory/fibrogenic response after injury, were significantly
reduced by administration of ASCs-miR-27b rather than
ASCs-siRNC at day 2 after partial resection (Figure 1b,c).
These results indicated a critical role of miR-27b overexpres-
sion in ASCs on the anti-inflammatory activities.

ASCs-miR-27b affects hepatocyte growth factor and
cytokine expression after partial resection

After massive hepatectomy, many growth factors are imme-
diately induced and play important roles in liver regeneration,
most notably of which is hepatocyte growth factor (HGF),
known to be secreted primarily by hepatic stellate cells
(HSCs)."® We have previously demonstrated that decreased
protein expression of alpha-smooth muscle actin (o-SMA),
increased expression of HO-1, and an accelerated liver-
to-body ratio as the indicators of liver regeneration were
observed in rats after 70% PH with i.v. injection of ASCs-
miR-27b compared with control ASCs-siRNC.'® Furthermore,
ASCs-miR-27b-mediated liver-to-body ratio increase was
dependent on HO-1. The expression of HGF was measured
by real-time quantitative reverse transcription—-PCR (qRT—
PCR) and western blot analysis in liver tissue. As shown in
Figure 1d, mRNA expression of HGF as well as HO-1 was
increased above basal level in all groups after PH. How-
ever, ASCs-miR-27b-injected rat livers showed significantly
higher HGF expression at day 2 after PH, whereas livers from
rats injected with ASCs-siRNC showed no further increase
compared with those from saline controls. Moreover, knock-
down of Hmox1 (the gene that encodes for HO-1) in ASCs
abolished liver HGF increase by ASCs-miR-27b adminis-
tration, indicating that the promoting effect on HGF produc-
tion is mediated by HO-1 activity. Interestingly, IL-1 receptor
antagonist (IL-1Ra, IL1RN) and fibroblast growth factor-21
(FGF-21), two factors important for hepatic regeneration
and protection after liver injury, were significantly elevated
at day 2 after resection with injection of ASCs-miR-27b and
we observed no difference between saline and ASCs-siRNC
treated rats (Figure 1e). The increases of IL-1Ra and FGF-21
by introducing ASCs-miR-27b were also HO-1 dependent, as
the elevations of both genes by ASCs-miR-27b were blocked
when HO-1 was simultaneously knocked down. These find-
ings indicate that miR-27b-transfected ASCs enhance regen-
eration, protection, and anti-inflammatory capacities not only
by increasing HGF expression but also by elevating the lev-
els of IL-1Ra and FGF-21. These elevations were mediated
through HO-1 activity.

Coculture with ASCs-miR-27b abrogates activation of
HSCs

Due to the effect on HGF and other factors produced by
HSCs in the animal experiment, we further established an
in vitro coculture model system to analyze the outcome of
ASCs-miR-27b on TGF-B1-induced HSC activation. This indi-
rect coculture system was assembled where HSC-T6 cells
were plated in a six-well plate and ASCs were in intercup
chambers. Cocultures were maintained in HSC medium for
2—4 days.
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Figure 1 MicroRNA-27b-transfected ASCs led to abolished liver enzyme release and decreased systemic inflammation and
enhanced expression of HGF, IL-1Ra, and FGF-21 mRNAs in an heme oxygenase-1 (HO-1)-dependent manner in vivo. ASCs (2 x 10°)
were transfected with control siRNA (siRNC), miR-27b-mimic, or miR-27b + Hmox1 siRNA (ASCs-miR-27b-siHmox1) and injected into the
5-week-old LEW rats (five rats per group) after a 1-day recovery period following 70% PH. Blood samples were harvested at several time points
for ALT and AST measurements. Serum ALT and AST were significantly higher in the saline and siRNC-transfected ASCs (ASCs-siRNC)
groups but was drastically reduced to almost normal values in the miR-27b-transfected ASCs (ASCs-miR-27b) at day 2 after partial liver
resection (a). ELISA demonstrated that increased serum levels of TNF-o. and IL-6, responsible for the induction of inflammatory responses,
were significantly reduced by i.v. injection of ASCs-miR-27b rather than ASCs-siRNC at day 2 after 70% PH (b). The induced mRNA levels
of fibrogenic genes TGF-B1, MMP9, and MMP2 in resected livers were also significantly reduced by administration of ASCs-miR-27b but
not ASCs-siRNC (c). gRT-PCR analysis demonstrated that enhanced mRNA level of HGF in resected livers by administration of ASCs-miR-
27b, were significantly inhibited by injection of ASCs transfected with both miR-27b and Hmox1 siRNA (d). The induced mRNA levels of ll1rn
(encoding IL-1Ra) and Fgf-21 (encoding FGF-21) in resected livers were observed only in rats injected with ASCs-miR-27b and were also
HO-1 dependent (e). The data are representative of three independent experiments. All experiments were conducted three times and similar
results were observed. The statistics were analyzed with Student’s t-test. *P < 0.05; **P < 0.01. ALT, alanine aminotransferase; ASCs, adipose-
derived mesenchymal stem cells; AST, aspartate aminotransferase; Fdf, fibroblast growth factor; Hgf, hepatocyte growth factor; IL, interleukin;
MMP, matrix metalloproteinase; PH, partial hepatectomy; TGF, transforming growth factor; TNF, tumor necrosis factor.

As shown in Figure 2a, a dose-dependent increase of cocultured with ASCs-miR-27b. This effect was best observed

o-SMA expression by TGF-B1 in HSCs was partially sup-
pressed in cocultures with control ASCs, whereas the
increase was almost abolished when HSC-T6 cells were

at 72 hours (Figure 2b). Furthermore, greater induction of
HGF was also observed only in cocultures with ASCs-miR-
27b at 48 and 72 hours (Figure 2c).
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Figure 2 ASCs-miR-27b led to decreased activation of cocul-
tured hepatic stellate cells (HSCs) in vitro. The effects of ASCs-
siRNC and ASCs-miR-27b on TGF-B1-activated HSCs were
measured in Transwell coculture system. gRT-PCR demonstrated
that dose-dependent (a) and time-dependent (b) TGF-B1-induced
a-SMA mRNA expression in HSCs was significantly reduced in
the presence of ASCs-siRNC, however, was drastically abolished
by ASCs-miR-27b. The significant increase of HGF mRNA was
observed only in activated HSCs cocultured with ASCs-miR-27b
(c). However, no significant difference was found between HSCs
cocultured with ASCs-siRNC and medium control. The cells were
cultured in six-well culture plates. The data are representative of
three independent experiments. All experiments were conducted
three times and similar results were observed. The statistics were
analyzed with Student’s t-test. *P < 0.05; **P < 0.01. ASCs, adipose-
derived mesenchymal stem cells; HGF, hepatocyte growth factor;
SMA, smooth muscle actin; TGF, transforming growth factor.

miR-27b induces PGC-1a-dependent expression of
anti-inflammatory and antioxidant genes in ASCs

Recently, Lu et al. discovered that PGC-1a could enhance
the therapeutic engraftment of MSCs and improve the perfu-
sion recovery in diabetic hindlimb ischemia.?® However, little
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is known about the underlying mechanisms of MSCs’ ben-
eficial effects on the regenerative and protective properties.

To determine whether PGC-10. mediates the induction
of HO-1 expression in ASCs transfected with miR-27b,
we cotransfected ASCs with siRNA for PGC-1o. and miR-
27b or siRNC for 24 hours and then examined the protein
level of HO-1 after another 12-hour incubation. As shown
in Figure 3a, the protein level of PGC-1a. was significantly
increased by transfection of miR-27b in ASCs (4.27-folds, P <
0.001). Small interfering RNA against PGC-1a. significantly
reduced the induction of HO-1 observed in ASCs-miR-27b.
Furthermore, knockdown of PGC-1a also abrogated miR-
27b-induced cytokines IL-15, IL-1Ra, and growth factor FGF-
21 expression, indicating that PGC-10. may orchestrate HO-1
levels in mediating miR-27b-induced anti-inflammatory, anti-
oxidant, and regenerative properties of ASCs.

To furtherinvestigate the effect of PGC-1a.in ASCs-miR-27b
for the suppression of HSC activation, ASCs cotransfected
with PGC-1o siRNA and miR-27b for 24 hours were cocul-
tured with TGF-B1-treated HSCs for another 72 hours. As
shown in Figure 3b, the abolished o-SMA expression by
ASCs-miR-27b was significantly reverted by PGC-1a silenc-
ing. These results suggest that the abolishment of HSC acti-
vation by ASCs-miR-27b is mediated through the PGC-1a
activity.

Fbxw?7 is involved in increased PGC-1a levels mediated
by miR-27b in ASCs

It has been demonstrated that miR-27 overexpression leads
to a decrease in the expression of the F-box protein Fbxw7/
Cdc4, the substrate recognition component of an Skp1-Cul1-
F-box-protein (SCF) ubiquitin ligase which mediates the
ubiquitin transfer to target proteins for proteasomal degrada-
tion.2" Olson et al. previously found that reduction of Fbxw7
in neurons resulted in an increased level of PGC-1a protein,
which was mediated by Fbxw7-dependent proteasomal
degradation and lead to increased PGC-1co-dependent tran-
scription.? In miR-27b-overexpressed ASCs, we observed a
significant decrease in the expression of two major isoforms
of Fbxw7 compared with transfection controls (Figure 4a).
To investigate whether miR-27b could affect the expression
of Fbxw?7 through translational repression or degradation of
mRNA, we examined the levels of its mMRNA in ASCs trans-
fected with miR-27b mimic or the anti-miR inhibitor anti-miR-
27b. gRT—-PCR results showed that the expression of Fbxw7
in ASCs transfected with 20 nmol/l miR-27b mimic resulted
in a 75% decrease in mRNA levels, whereas in ASCs trans-
fected with anti-miR-27b inhibitor, Fbxw7 expression was
drastically increased by more than threefold compared with
transfection controls (Figure 4b). These data indicate that
miR-27b negatively regulates Fbxw7 at the mRNA level.

We next asked whether the miR-27b-modulated Fbxw7
regulates PGC-1a expression in ASCs. To test this, we exam-
ined the expression level of PGC-1a. after transiently cotrans-
fecting ASCs with anti-miR-27b inhibitor and Fbxw7 siRNA.
As shown in Figure 4c, the protein expression of PGC-1a
was drastically increased when both Fbxw7 siRNA and anti-
miR-27b were transfected. These results demonstrate that
miR-27b directs PGC-10. expression via Fbxw7-dependent
regulation.
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Figure 3 PGC-10 mediated the increased protein levels of anti-
inflammatory and antioxidant genes by miR-27b transfection
in ASCs. To evaluate potential effects of miR-27b transfection which
contribute to anti-inflammatory and antioxidant gene expression in
ASCs, four genes currently known to be involved in counteracting
damaging effects were examined compared to effects of control siRNA.
Western blot results demonstrated that HO-1, IL-1Ra, IL-15, and FGF-
21 were significantly increased by miR-27b transfection for 24 hours
with additional 12-hour incubation and were PGC-1o. dependent (a).
Knockdown of PGC-1a. in ASCs-miR-27b also significantly reverted
hepatic stellate cell activation (b). The cells were cultured in six-well
culture plates. The data are representative of three independent
experiments. All experiments were conducted three times and similar
results were observed. The statistics were analyzed with Student’s
ttest. *P < 0.05; **P < 0.01. ASCs, adipose-derived mesenchymal stem
cells; FGF, fibroblast growth factor; HO, heme oxygenase; IL, interleukin;
PGC, peroxisome proliferator-activated receptor gamma coactivator;
SMA, smooth muscle actin; TGF, transforming growth factor.
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miR-27b markedly increases ATP production and mito-
chondrial biogenesis in ASCs in a PGC-1a-dependent
manner

PGC-1a has been reported to activate mitochondrial-related
genes which are involved in biogenesis and metabolism in
suppressing reactive oxygen species production and pre-
venting stress-induced apoptosis in different cell types.?3-2¢
In the liver, PGC-1a. is induced in response to fasting-° and
resection® and coordinates the activation of targets neces-
sary for increasing ATP generation. To determine the con-
tribution of miR-27b and PGC-1a. in ATP content in cultured
ASCs, we measured the ATP levels in ASCs transfected with
control siRNC, miR-27b mimic in the absence or presence
of cotransfected PGC-1a siRNA. As shown in Figure 5a,
ATP levels were drastically increased in miR-27b-transfected
ASCs in comparison with transfection control (over 20-folds,
P value = 0.003), but the increase was significantly inhibited
by siRNA for PGC-1o. (P value = 0.006). ATP levels were also
significantly reduced by a miR-27b inhibitor in comparison
with transfection control (data not shown). Our observations
also reflected on the mRNA levels of PGC-1a. target genes
which are involved in mitochondrial biogenesis and reactive
oxygen species metabolism. As shown in Figure 5b, miR-
27b activated a number of mitochondrial genes, including
ATP synthase ATP5A1 and reactive oxygen species-detox-
ifying enzymes superoxide dismutase 3 (SOD3), glutathione
peroxidase 3 (GPx3), glutathione peroxidase 4 (GPx4), and
uncoupling protein 2 (UCP2). In contrast, miR-27b-induced
mitochondrial gene expression was reversed by knockdown
of PGC-1a in ASCs. Transfection of siRNC did not affect the
activation of PGC-1a. target genes.

RNA-Seq analysis predicts ASCs-miR-27b-regulated
genes

RNA-Seq analysis serves as an effective approach to iden-
tify genes in hepatic tissue of partially hepatectomized rats
treated by i.v. administration of ASCs-miR-27b, ASCs-siRNC,
or saline controls in comparison with naive liver tissue. We
sequenced cDNA libraries from three pooled samples of
liver tissues for each group using lllumina Miseq platform as
described in Materials and Methods section. The sequenc-
ing runs yielded a total of 22.67M reads with an average
length of 100bp. The Strand NGS software (version 2.1)
was performed using default parameters for prealignment
and postalignment quality control analysis and 100% of the
raw reads remained in the dataset. Of these, 19.02M reads
(84%) were aligned into contigs of the rat genome (rn5), and
31,457 transcripts were identified. The unaligned reads were
excluded from further analytical steps. The high-throughput
sequencing performed for liver samples with different treat-
ments showed similar numbers of yielded reads ranged from
5.57 to 5.74M and the same average length. The number
of reads for each condition of liver sample and the num-
ber of reads mapped to reference sequences are shown in
Supplementary Table S1.

Differentially expressed gene (DEGs) from resected liv-
ers 3 days after i.v. treatments of saline, ASCs-siRNC, and
ASCs-miR-27b compared with naive liver samples were
calculated from the raw reads using the DESeq method.
The significance level applied to the RNA-Seq data was

www.moleculartherapy.org/mtna
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Figure 4 Fbxw?7 is responsible for the regulation of PGC-1a levels in adipose-derived mesenchymal stem cells (ASCs) transfected
with miR-27b. ASCs transfected with siRNC or miR-27b (20 nmol/l) for 24 hours and the protein levels of Fbxw7 were measured by Western
blot analysis. The results showed that miR-27b overexpression significantly decreased two major isoforms Fbxw7a (110kDa) and Fbxw7b
(69kDa) in ASCs compared with transfection control (a). Furthermore, the mRNA level of Fbxw7 was significantly suppressed by miR-27b
whereas was highly increased by the anti-miR-27b inhibitor in ASCs (b). Knockdown of Fbxw?7 significantly increased protein level of PGC-1a.
compared to both siRNC and inhibitor controls (¢). These results indicate a Fbxw7-dependent regulation of PGC-1o. in response to miR-27b
levels in ASCs. The cells were cultured in six-well culture plates. The data are representative of three independent experiments. All experiments
were conducted three times and similar results were observed. The statistics were analyzed with Student’s t-test. *P < 0.05; **P < 0.01. PGC,

peroxisome proliferator-activated receptor gamma coactivator.

corrected for multiple testing using Benjamini—-Hochberg cor-
rection allowing rigorous identification of DEGs in partially
hepatectomized liver tissues treated with ASCs-miR-27b,
ASCs-siRNC, or saline control. We identified 2,013 DEGs in
hepatectomized rats injected with saline (PH-Saline), more
than 60% (1,235 genes) of which were also observed in the
set of 1,992 DEGs in hepatectomized rats injected with ASCs-
siRNC (PH-ASCs-siRNC) (Supplementary Figure Sia).
Furthermore, 2,843 DEGs were identified in hepatectomized
rats injected with ASCs-miR-27b (PH-ASCs-miR-27b), less
than 50% (1,398 genes) of which overlapped with the set of
DEGs in PH-ASCs-siRNC (Supplementary Figure S1b).
This reflects greater accumulation of transcriptomic changes
in PH-ASCs-miR-27b compared with those in PH-ASCs-
siRNC. Among the selected DEGs, we further investigated
gene functions and categorized according to specific biologi-
cal processes by using the GO enrichment analysis. In the
liver samples, the enriched GO “regeneration” and “positive
regulation of cell migration” terms were increasingly assigned
additive 98, 108, and 121 DEGs in PH-Saline, PH-ASCs-
siRNC, and PH-ASCs-miR-27b, respectively. The genes clas-
sified in each functional group are listed in Supplementary
Table S2. Unsupervised hierarchical clustering of all the 121
DEGs to these three groups compared to naive control dem-
onstrated two clearly distinct up- and downregulated subsets
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shared between naive control and PH-ASCs-miR-27b groups
(Figure 6a,b). Interestingly, several abundantly expressed
genes in this cluster of PH-ASCs-miR-27b group (e.g., adm,
Ipin1, prkce, cav1, ntf3, nrOb2, and ucp2), involved in regen-
eration or wound healing, were relatively low or even down-
regulated when compared with the PH-ASCs-siRNC group
(Table 1). This result indicates a beneficial effect of miR-27b
overexpression in regenerative capacities of ASCs. However,
we found that four fibrotic genes (Col1a1, C3ar1, Pik3r1, and
Nox4) were highly expressed in the PH-ASCs-siRNC group
and this might reflect on the fibrogenic potential of using
unmodified ASCs for therapeutic use. Notably, half of these
genes listed in Table 1 affected by miR-27b were present
in mitochondria. We further investigated several gene sig-
natures involved in mitochondrial biogenesis in the datasets
and found that not only PGC-1a. but Sirt3, Cluh, and Prkaa1
were significantly upregulated in PH-ASCs-miR-27b but not
in PH-ASCs-siRNC, indicating that the pivotal role of miR-
27b expression in comprehending the regenerative ability of
ASCs could be mediated through mitochondrial bioenergetic
response of PGC-1a.

To better understand the biological context of the changes
in resected livers affected by highly induced PGC-1a follow-
ing ASCs-miR-27b treatment, 200 genes selected from 2,843
DEGs which were downregulated in the PH-ASCs-siRNC



group and upregulated in the PH-ASCs-miR-27b group were
analyzed using Ariadne’s pathway buildup for direct interac-
tion and enriched by the subnetwork enrichment analysis to
identify putative expression networks and their corresponding
regulators. The enriched subnetworks consisting of a set of
single seed genes with target genes associated to the seed
among these DEGs are listed in Supplementary Table S3
and presented in a circular pathway layout (Figure 7). As
shown in Figure 7, 10 subnetworks altered between PH-
ASCs-miR-27b and PH-ASCs-siRNC groups (assigned to
purple) were built around the seed of PGC-1a. (Ppargcia),
and Hmox1 as well as Ppargcia are the top-ranked genes
among the 11 subnetworks (highlighted on pink). Overall,
our data reveal an important physiological role for miR-27b
in comprehending the anti-inflammatory, antioxidant, anti-
fibrotic as well as regenerative properties of ASCs which
are orchestrated by PGC-1a with the involvement of HO-1
expression and mitochondrial biogenesis (summarized in
Supplementary Figure S2).

Discussion

Recent studies have reported that MSCs including ASCs
do not express costimulatory molecules and exert relevant
immune modulatory effects in suppressing many functions
of immune cells,®'2 as these properties have been experi-
mentally demonstrated in cell-based therapy for liver dis-
eases.® The rationale of using MSCs for cell therapies is
based on the intrinsic properties that MSCs can be recruited
to peripheral tissue in times of stress or injury. Several lines
of evidence in animal and clinical studies support this idea,
as reviewed by Meier et al.** In the current study, we evalu-
ated the therapeutic capacities of miR-27b-expressing ASCs
in liver regeneration. We first ensured that the injected ASCs
could localize to the site of liver resection by visualizing the
fluorescent labeled ASCs (using XenoLight DiR) in rats that
underwent PH and monitoring their localization using an IVIS
Spectrum System. By day 3, most of the labeled ASCs were
highly concentrated at the site of liver injury (Supplementary
Figure S3). However, despite the benefits, MSCs have been
shown to have increased fibrotic potential and to be unable
to differentiate into hepatocytes but into myofibroblasts under
certain conditions.'®3% Therefore, using MSCs in cell-based
therapy should be very careful and the potentially deleteri-
ous outcome should be seriously taken into consideration.
In the current study, we investigated the impact of admin-
istration of ASCs, modified by miR-27b overexpression, on
liver regeneration after PH. Although regeneration of the
residual lobes following PH is mostly mediated by processes
relevant to growth (proliferation of hepatocytes), accompa-
nying inflammatory responses as well as activation of res-
ident stellate cells should not be disregarded. It has been
illustrated that massive production of initial inflammatory
cytokines after extensive hepatectomy is associated with
harmful effects on liver regeneration. Suppression of these
cytokines improved liver regeneration and function.®® We
previously investigated the effects of miR-27b overexpres-
sion in ASCs on engraftment during liver regeneration and
observed significant inhibition of o-SMA induction, a drastic
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Figure 5 PGC-10. mediated the increase of ATP production
and mitochondrial genes by transfected miR-27b in adipose-
derived mesenchymal stem cells (ASCs). ASCs transfected
with control siRNA or miR-27b with or without PGC-10. siRNA for
24 hours, and the levels of ATP production were measured. ATP
determination assay showed that miR-27b transfection drastically
increases ATP levels in ASCs in comparison with transfection
control, but the increase was inhibited by knockdown of PGC-1a
(a). The mRNA levels of five mitochondrial genes were induced by
miR-27b transfection in ASCs, and their induction was also PGC-
10 dependent (b). The cells were cultured in six-well culture plates.
The data are representative of three independent experiments.
All experiments were conducted three times and similar results
were observed. The statistics were analyzed with Student’s t-test.
*P < 0.05; **P < 0.01. PGC, peroxisome proliferator-activated
receptor gamma coactivator.

increase of HO-1 expression as well as HO-1-dependent
liver-to-body ratio value of injured liver after i.v. injection of
ASCs-m27b.'® These results suggested that specific fac-
tors secreted by ASCs-m27b might be responsible for the
reduction of myofibrotic response and improvement of liver
function in the resected liver, which could also participate
in promoting liver regeneration via suppression of systemic
inflammation. Therefore in this study, we further investigated
the mechanism of ASCs-m27b facilitation in liver regenera-
tion and demonstrated that administration of ASCs-m27b
highly reduced AST, ALT, TNF-o, and IL-6 serum levels and
suppressed TGF-B1, MMP2, and MMP9 levels in liver tissue
comparing with little to moderate effects by ASCs-siRNC. The
results indicate that these effects are related to systemic inhi-
bition of both TNF-o. and TGF-B1 signaling pathways which
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Figure 6 Hierarchical clustering and dendrograms showing differentially expressed genes (DEGs) in liver samples. The red blocks
represent overexpressed genes, and the blue blocks represent underexpressed genes. Totally, 67 DEGs upregulated in PH + ASCs-miR-27b
group compared to naive control (NC) group (a) and 54 DEGs downregulated in PH + ASCs-miR-27b group compared to NC group (b). PH: liver
samples from 70% PH with saline injection; PH + ASC: liver samples from 70% PH with ASCs-siRNC injection; PH + ASCs-miR-27b: liver samples
from 70% PH with ASCs-miR-27b injection. ASCs, adipose-derived mesenchymal stem cells; NC, native control; PH, partial hepatectomy.

could be mediated by the secreted factors from ASCs with
miR-27b overexpression. Besides our results, more evidence
demonstrates that downregulation of inflammatory as well
as profibrotic factors, which are systemically activated and
responsible for the severity of fibrosis, is significantly associ-
ated with upregulation of HO-1.3*® However, several other
studies also demonstrate that overexpression of HO-1 is not
exclusively protective or antifibrotic but increases oxidative
injury.®=#! Thus, the dual role of HO-1 in either cytoprotection
or increased fibrogenesis may depend upon the contextual
differences of injured tissue, such as participation of other
antifibrotic/anti-inflammatory factors (e.g., IL-1Ra) and/or
coupling with PGC-1a-mediated mitochondrial biogenesis.*
Increased expression of HO-1 in damaged tissue is neces-
sary but not sufficient for cytoprotection, anti-inflammation,
and regeneration in the liver.'®

In the present study, we found that HO-1 induction in ASCs
by transfected miR-27b depends on the expression of PGC-
10.. The protein level of PGC-1a. was significantly increased
by miR-27b transfection; however, PGC-10. knockdown
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abolished miR-27b-induced HO-1 expression. Moreover, it
has been reported that miR-27 negatively controls the expres-
sion of the F-box protein Fbxw7/Cdc4, which targets the cell
cycle regulator cyclin E“**#¢ and several well-known oncop-
roteins*“® as well as this master regulator of mitochondrial
biogenesis PGC-10,224° for ubiquitination-mediated turnover.
Since we first observed that miR-27b was highly expressed
in stromal cells of the immune tolerant rat model and found
that it may play an important role in the immunosuppres-
sive and regenerative properties of ASCs, here we further
confirmed that the anti-inflammatory, antioxidant as well as
tissue protective actions via increased levels of secreted sol-
uble molecules by miR-27b overexpression were mediated
by PGC-10a-dependent signaling pathways. We demonstrated
that miR-27b significantly suppressed Fbxw7 level in ASCs,
indicating that promotion of PGC-1o. expression from the sup-
pression of Fbxw7 by miR-27b is responsible for the cytopro-
tective and anti-inflammatory abilities as well as regenerative
activity of administrated ASCs. Indeed, we found that miR-27b
drastically increased ATP production, various reactive oxygen



ASCs-miR-27b Shows Enhanced Regenerative Properties
Chen et al.

Table 1 Differential expression in selected DEGs of liver samples from control and hepatectomized rats with saline or ASCs delivered via i.v. injection

PH-Saline PH-ASCs-siRNC  PH-ASCs-miR-27b P value?® Description
DEGs involved in regeneration or wound healing
Adm 3.00954 0.19619 4.90975 0.0067 Adrenomedullin
Lpin1 5.20463 0.98811 521413 1.33E-14  Lipin 1
Prkce 1.75934 1.43687 3.89164 3.72E-13  Protein kinase C, epsilon
Cavi 1.03427 1.16620 3.16775 0.0241 Caveolin 1, caveolae protein
Ntf3 1.34321 1.55671 3.64948 0.0265 Neurotrophin 3
NrOb2 1.04748 1.20180 2.03892 9.70E-04  Nuclear receptor subfamily 0, group
B, member 2
Ucp2 2.81436 2.13306 3.63537 1.53E-07  Uncoupling protein 2 (mitochondrial,
proton carrier)
DEGs involved in fibrosis
Col1at 3.35874 22.66821 4.00226 1.30E-08 Collagen, type I, alpha 1
C3ar1 4.49643 8.01759 5.70928 0.0368 Complement component 3a receptor 1
Pik3r1 0.77242 2.23875 0.82211 0.0375 Phosphoinositide-3-kinase, regulatory
subunit 1 (alpha)
Nox4 1 2.28334 0.74416 0.0064 NADPH oxidase 4
DEGs involved in mitochondrial biogenesis
Ppargcia 3.56745 2.14563 9.76063 1.78E-13  Peroxisome proliferator-activated re-
ceptor gamma, coactivator-1 alpha
Sirt3 0.81885 0.84448 1.71095 0.0236
Cluh 0.78522 0.64530 1.85186 2.21E-08
Prkaa1 1.15303 1.07316 2.84484 0.0260 Protein kinase, AMP-activated, alpha

1 catalytic subunit

ASCs, adipose-derived mesenchymal stem cells; DEGs, differentially expressed genes; PH, partial hepatectomy.
aSignificance based on P values adjusted for multiple testing with the Benjamini-Hochberg method.

species-detoxifying enzymes, and expression of cytokines
IL-1Ra, IL-15, and the hepatocyte-secreted protective hor-
mone FGF-21 in ASCs as well as in resected liver (data not
shown) in a PGC-1a-dependent manner. The expression of
vascular endothelial growth factor (VEGF) and angiopoietin-1
(ANGPT1), which were highly expressed in activated HSCs,
were significantly reduced in liver samples of PH-ASCs-miR-
27b group than in those of PH-ASCs-siRNC group. Moreover,
blockade of PGC-1a in ASCs-miR-27b also reverted TGF-
B1-mediated HSC activation and decreased HGF production
in 70% PH rats indicating that a positive feedback loop may
exist between PGC-10. and these secreted factors of ASCs-
miR-27b and remnant liver tissue, which is mediated by the
induction of HO-1 expression.

Our study reveals that PGC-1a in remnant liver of ASCs-
siRNC group was decreased compared to the levels in saline
control as well as ASCs-miR-27b groups in deep sequencing
results. Although the mitochondrial deacetylase sirtuin 3 (Sirt3)
was lower in remnant liver of saline controls compared to the
ASCs-miR-27b group, a significant drop in Sirt3 expression in
the ASCs-siRNC group was also observed. The mitochondrial
function of the PGC-10/Sirt3 signaling has been reported to
be essential for the regulation of metabolism, biogenesis, and
oxidative stress, where PGC-1o functions as an activator of
Sirt3 gene transcription in hepatocytes.?*%°5%" Analysis of the
DEGs between ASCs-siRNC and ASCs-miR-27b groups dem-
onstrated that various detoxifying enzymes were upregulated
in ASCs-miR-27b group, whereas fibrotic genes were upregu-
lated in ASCs-siRNC group. This result might reflect the pivotal
role of PGC-1a with Sirt3 in the modulation of oxidative status
with a consequent impairment of liver function (growth versus
fibrosis). Moreover, FGF-21 expression, which was markedly

reduced in remnant liver after PH, was rescued by ASCs-miR-
27b injection, whereas an even lower level of FGF-21 was
observed in ASCs-siRNC group. We also demonstrated that
liver damage (as determined by serum ALT and AST levels)
was not alleviated in the ASCs-siRNC group after PH (com-
pared with saline control group), but however was drastically
reduced in ASCs-miR-27b group, also suggesting a collab-
orative response between PGC-1o. and FGF-21 against liver
injury. Moreover, the expression of HGF in resected liver was
significantly increased only in ASCs-miR-27b group compared
with saline and ASCs-siRNC groups (data not shown). Fur-
ther studies are needed to investigate the detailed underlying
mechanisms involving PGC-1a in inducing secretion of anti-
inflammatory, antioxidant, and protective molecules in hepato-
cytes interacting with miR-27b-expressing ASCs.

In conclusion, our findings provide evidence that the pro-
tective capacities of ASCs could be enhanced by “energiz-
ing” these multipotent stromal cells via miR-27b expression
which derived, at least in part, from secreted cytokines and
growth factors that function in proximity in the microenviron-
ment between ASCs and target cells. Future studies will
focus on cell therapies using MSCs, especially with miR-
27b overexpression for liver fibrosis as well as recovery from
transplantation.

Materials and methods

Animals and ethics. Male LEW (strain: RT11) rats of 4
weeks old were obtained from the National Laboratory Ani-
mal Breeding and Research Center (Taipei, Taiwan). All of
the animals were maintained in specific pathogen-free ani-
mal facilities with water and commercial rat food provided ad
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Figure 7 Direct interaction network of the significantly regulated genes between PH-ASCs-miR-27b and PH-ASCs-siRNC groups
using Ariadne’s Pathway Studio Software. The seed genes enriched by the subnetwork analysis among these differentially expressed
genes were assigned to purple and also listed in Supplementary Table S3. The genes involved in machinery of cell proliferation were
highlighted on light blue. ASCs, adipose-derived mesenchymal stem cells; PH, partial hepatectomy.

libitum. Our experimental design was reviewed and approved
by the Institutional Animal Care and Use Committee of the
Kaohsiung Chang Gung Memorial Hospital (Kaohsiung,
Taiwan; Approval No: 2009122102), and the Committee rec-
ognizes that the proposed animal experiment follows the Ani-
mal Protection Law by the Council of Agriculture, Executive
Yuan, R.O.C. and the guideline as shown in the Guide for the
Care and Use of Laboratory Animals as promulgated by the
Institute of Laboratory Animal Resources, National Research
Council (Washington, DC).

Isolation of ASCs from rat. Eight- to 12-week-old female
LEW rats were used for the isolation of rat ASCs. Cells were
isolated from rat inguinal and interscapular adipose tissues.
Briefly, the adipose tissue was dissociated mechanically and
digested at 37 °C in Hanks’ balanced salt solution buffer
(Gibco, Life Technologies, Carlsbad, CA) containing 1 mg/ml
collagenase | (Worthington Biochemical, Lakewood, NJ) for
20 minutes. After digestion, the contents were filtered with
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a 100-pm filter prior to centrifugation at 800 x g for 10 min-
utes at room temperature. The cell pellet was resuspended
in washing buffer (phosphate-buffered saline with 1% fetal
bovine serum (FBS, Gibco)) and then centrifuged again
at 800 x g for 5 minutes at room temperature. After being
resuspended again in washing buffer and filtered through a
25-pm filter (Merck Millipore, Billerica, MA), mature adipo-
cytes were separated from the stromal fraction by centrifu-
gation (800 x g for 10 minutes) at room temperature. The
pellet was resuspended in culture medium and an aliquot of
the cell suspension was then seeded (10,000 cells/cm?) in
Dulbecco’s modified Eagle’s medium (Gibco) with 10% FBS
(Gibco) medium and maintained in a 5% CO, and humidified
atmosphere. Twenty-four hours after plating, all nonadherent
cells were removed by changing the medium. Subconfluent
ASCs were obtained after 5 days.

Reagents and transient transfection with microRNA anta-
gomir and small interfering RNA. The small interfering RNA



(siRNA) for PGC-1a,, HO-1, miRNA agonist miR-27b-mimic
and its negative control (siRNC) used in the present study
were purchased from Sigma-Aldrich (St. Louis, MO). ASCs
were cultured in basal media consisting of Dulbecco’s modi-
fied Eagle’s medium (Gibco) supplemented with 2 mmol/l
L-glutamine  (Sigma-Aldrich) and 10% FBS until the cells
reached 60% confluency; cells were then transfected with
the miR-27b-mimic (25 nmol/l), the miRNA negative con-
trol (siRNC, 25 nmol/l), HO-1, or PGC-1a. siRNA (10 nmol/l)
using GenMute siRNA Transfection Reagent (SignaGen
Laboratories, Rockville, MD) according to the manufacturer’s
protocol. Then, the medium was changed to fresh Dulbecco’s
modified Eagle’s medium with 10% FBS, and the cells were
incubated for another 24 hours. The knockdown efficiency
was assessed by measuring the mRNA expression levels.
The efficiency of the PGC-1a or HO-1 knockdown was more
than 95% as measured by mRNA levels.

Intravenous injection of modified ASCs into syngeneic rats
after 70% PH. Four-week-old male LEW rats were obtained
from the National Laboratory Animal Breeding and Research
Center (Taipei, Taiwan). Under general anesthesia, a median
laparotomy was performed and the left lateral, left upper, and
right anterior lobes (70% PH) were ligated and removed as
previously described by Greene and Puder. After 70% PH,
the rats were injected with modified ASCs (siRNC, miR-
27b-mimic, or HO-1 siRNA transfected, 2x 10%rat) at day 1
after resection, and the blood and liver tissue samples were
retrieved at various time points for measurement of serum
factors, qRT-PCR, and next-generation sequencing (NGS)
analysis.

To ensure that the injected ASCs migrated to the site of
liver injury, visualization of ASCs in rats that underwent PH
was performed in a parallel experiment by labeling the ASCs
using Xenolight DiR and monitored their localization using an
IVIS Spectrum System (PerkinElmer, Waltham, MA). Briefly,
the ASCs were washed three times with phosphate-buffered
saline, trypsinized, and incubated with 3.5 pg/ml DiR buf-
fer (PerkinElmer) for 30 minutes at 37 °C according to the
manufacturer’s instructions. DiR-labeled ASCs (DiR(+)) were
washed twice with phosphate-buffered saline and examined
for viability using trypan blue. ASCs that were not labeled with
DiR (DiR(-)) were only incubated in phosphate-buffered saline
andtreated the same way as DiR(+) cells. DiR(+) ASCs (2 x 106)
were i.v. injected into LEW rats the following day after 70% PH
(n=23) as the test group. In the control group, hepatectomized
rats (n = 3) were injected with DiR(-) ASCs. Migration of the
injected ASCs was monitored using the Caliper IVIS Spec-
trum System (Caliper, Life Sciences) at days 1 (right after
injection) and 3 (2 days after injection) after surgery (day 0)
to obtain serial fluorescence images. The ideal filter condi-
tions for DiR imaging were set at 710nm for excitation and
760 nm for emission. Identical illumination settings (e.g., lamp
voltage, filter, exposure time) were used in all animal imag-
ing experiments. Gray scale photographic images and fluo-
rescent images of each animal were analyzed and overlaid
using Living Image software PerkinElmer.

RNA isolation and gRT—PCR. Total RNA was isolated from
the cells using the RNeasy kit from Qiagen (Valencia, CA)
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according to the manufacturer’s protocol. Reverse transcription
was performed with 1 pg RNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, ABI, Waltham,
MA) as described by the manufacturer. The qRT—PCR reac-
tion was performed on an ABI 7500 Fast Real-Time PCR
System with the SDS 1.4 program using the ABI TagMan Fast
Universal PCR master mix. The master mix and TagMan MGB
probes were obtained from Applied Biosystems, and the final
concentration of probes was 250 nmol/l. The cycling profile for
each run was 95 °C for 20 seconds and 40 cycles of 95 °C for
3 seconds followed by 60 °C for 30 seconds using the default
ramp rate. The normalization was performed with rat beta-actin
(ACTB) probes (P/N: 4331182, ID: Rn00667869_m1). For
mRNA, the TagMan probes (P/N: 4331182) for TGF-1 (ID:
Rn00572010_m1), MMP2 (ID: Rn01538170_m1), MMP9 (ID:
Rn00579162_m1), HGF (ID: Rn00566673_m1), HO-1
(ID: Rn01536933_m1), IL-1Ra (ID: Rn02586400_m1), FGF-
21 (ID: Rn04219642_g1), o-SMA (ID: Rn01759928_g1),
Atp5a1 (ID: Rn01527025_m1), Sod3 (ID: Rn00563570_m1),
Gpx3 (ID: Rn00574703_m1), Gpx4 (ID: Rn00820818_g1), and
Ucp2 (ID: Rn01754856_m1) were obtained from Applied Bio-
systems. Comparative RT-PCR data including nontemplate
controls was done in triplicate. The fold increase was calcu-
lated with the comparative 2-AA® method.

Relative protein expression levels and ATP production in
modified ASCs. ASCs were transfected with siRNC, miR-
27b-mimic, or PGC-1a. siRNA for 24 hours, and the medium
was replaced with growth medium for 12 hours. The total
RNA and protein samples were obtained. Western blots were
performed to analyze the protein expression levels by using
actin (ADI-905-733-100) and HO-1 (ADI-SPA-895) antibod-
ies from Enzo Life Sciences (Farmingdale, NY) and IL-1Ra
(sc-25444), IL-15 (sc-7889), and FGF-21 (sc-292879) anti-
bodies from Santa Cruz (Dallas, TX). Also, ATP production
from modified ASCs was measured by ATP Determination Kit
(A22066) from Life Technologies (Carlsbad, CA).

Indirect coculture system using HSCs and modified ASCs.
HSCs (HSC-T6) were seeded in six-well plates and modi-
fied ASCs were seeded in Millicell Cell Culture Inserts (pore
size: 0.4 pm; Millipore, Billerica, MA). The cells were incu-
bated in Dulbecco’s modified Eagle’s medium (Gibco) with
10% FBS (Gibco) medium containing different concentration
of TGF-B1 (PeproTech, Rocky Hill, CT) (0, 5, or 10ng/ml) and
maintained in a 5% CO, and humidified atmosphere for 24,
72, and 96 hours. The total RNA samples were isolated for
gRT-PCR.

NGS for RNA-Seq analysis. Total RNA was isolated from liver
tissues using TRIzol reagent (Invitrogen). Total RNA (15 pg)
for each sample was used for purifying the poly(A)-containing
mRNA molecules, RNA amplification, and synthesis of double-
stranded cDNAs that will be ligated to adapters, following the
llumina (San Diego, CA) TruSeq RNA Sample Prep guide-
lines. Multiplexed samples were sequenced at 100bp length
on an in-house lllumina MiSeq instrument. For data analy-
sis, sequences called by the lllumina pipeline were mapped
to the reference genome and annotated using Strand NGS
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2.1 (Strand Life Sciences, Bangalore, Karnataka, India). The
sequencing data were deposited in NCBI GEO database and
are accessible through series accession number GSE697883.

Data analysis and statistics. The results from NGS analysis
were analyzed by Mann—-Whitney unpaired test or two-way
analysis of variance and a Benjamini and Hochberg false dis-
covery rate multiple gene correction was applied. To better
understand the biological context of the changes, data were
analyzed by Ariadne’s Pathway Studio (Elsevier B.V., Amster-
dam, The Netherlands) to build up for direct interaction and
subnetwork enrichment analysis. Each experiment of other
analyses was performed three times, and the statistical sig-
nificance of the data was calculated using Student’s t-test.
A value of P <0.05 was considered statistically significant.

Supplementary material

Figure S1. Venn diagrams showing the number of identified
DEGs in liver samples using RNA-Seq analysis.

Figure S2. Schematic representation showing the relation-
ship of cells, genes, and cytokines/growth factors demonstrat-
ed in this study.

Figure S3. /n vivo imaging of fluorescent labeled ASCs in-
travenously injected into rats that underwent PH.

Table S1. Basic statistics of high-throughput RNA-seq data
after alignment for the 4-pooled liver samples.

Table S2. Functional categories and associated genes that
were differentially expressed and involved in regeneration
and cell migration in resected livers of PH-ASCs-miR-27b
treated rats.

Table S3. Expression targets and their corresponding
seeds enriched in subnetwork enrichment analysis for 200
selected DEGs upregulating in PH-ASCs-miR-27b group and
downregulating in PH-ASCs-siRNC group.
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