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Abstract

Background and Aims: Hepatocellular carcinoma (HCC)
remains a leading cause of cancer-related mortality, under-
scoring the need for effective therapies. Although miR-125b-
5p shows therapeutic potential, its efficacy in metabolic dys-
function-associated steatotic liver disease (MASLD)-related
HCC and the underlying mechanisms remain unclear. In this
study, we aimed to develop an MRI-trackable miR-125b-5p-
engineered MSC platform for HCC therapy and to determine
whether MASLD attenuates its antitumor efficacy through
metabolic reprogramming. Methods: Bone marrow mesen-
chymal stem cells (MSCs) were genetically engineered to co-
express miR-125b-5p (a therapeutic gene) and ferritin heavy
chain (Fth; a magnetic resonance imaging (MRI) reporter
gene), enabling sustained delivery and real-time tracking.
Orthotopic HCC models with or without MASLD were estab-
lished to evaluate therapeutic outcomes. In vivo MRI, histo-
logical analyses, and bioinformatics approaches were used to
assess efficacy and mechanisms. Results: Transplantation of
miR-125b-5p-Fth-MSCs significantly suppressed HCC growth
in vivo over an extended period. However, MASLD attenuated
this therapeutic effect. Mechanistically, miR-125b-5p directly
targeted hexokinase 2 (HK2), inhibiting HCC proliferation
and migration through suppression of the PI3K/AKT/mTOR
pathway. Fatty acid-induced lipotoxicity upregulated HK2
expression and counteracted the antitumor effects of miR-
125b-5p. Conclusions: Multigene-modified MSCs enable ef-
fective, MRI-monitored HCC therapy. MASLD diminishes the
efficacy of miR-125b-5p through HK2 upregulation. These
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findings establish a multimodal theranostic framework for
HCC and provide mechanistic insights into MASLD-associated
therapeutic resistance.
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Introduction

Hepatocellular carcinoma (HCC) accounts for approximately
85% of primary liver cancers and remains a major global
health burden, with an increasing incidence worldwide.! In
2020, liver cancer was the sixth most commonly diagnosed
malignancy and the third leading cause of cancer-related
death, with approximately 906,000 new cases and 830,000
deaths. The highest incidence rates are observed in East
Asia, Southeast Asia, and North and Western Africa, although
the burden is also increasing in Western countries because of
the increasing prevalence of metabolic risk factors.? Curative
options such as resection and ablation are reserved for early-
stage disease, whereas intermediate- and advanced-stage
HCC require transcatheter arterial chemoembolization and
systemic therapies, respectively.3 Despite treatment advanc-
es, HCC remains the third leading cause of cancer-related
death worldwide, and the relative five-year survival rate is
only approximately 18%, largely because of poor outcomes
in advanced disease.?

Key factors driving HCC progression, recurrence, and
therapeutic resistance include cancer stem cells, an immu-
nosuppressive microenvironment, and metabolic reprogram-
ming.* Accordingly, strategies targeting cancer stem cells
and enhancing antitumor immunity have attracted increasing
interest.> Among emerging therapeutic candidates, microR-
NAs (miRNAs), a class of evolutionarily conserved noncoding
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RNAs that regulate oncogenic pathways at the posttranscrip-
tional level, have received considerable attention.® Notably,
miR-125b-5p has been shown to suppress proliferation, me-
tastasis, and stemness in multiple malignancies, including
HCC.”

However, effective gene delivery remains a major chal-
lenge. Stem cell-based therapy has become an important
focus of preclinical HCC research.® Bone marrow-derived
mesenchymal stem cells (MSCs) represent attractive de-
livery vehicles because of their low immunogenicity, high
accessibility, and ease of expansion without major ethical
concerns.® Nevertheless, the limited therapeutic paracrine
activity of conventional MSCs has restricted their broader
application.1® To overcome these limitations, the use of
MSCs as vectors for gene therapy has emerged as a prom-
ising strategy. Unlike single-dose nanomaterial-based de-
livery systems, MSCs can survive in vivo and continuously
release therapeutic factors, thereby functioning as a sus-
tained-release carrier.11

In addition, real-time monitoring of MSC fate and their
therapeutic effects is crucial for optimizing treatment pro-
tocols and evaluating efficacy. Magnetic resonance imag-
ing (MRI) offers distinct advantages for the assessment of
liver disease.!? Ferritin heavy chain (Fth), an MRI reporter
gene, decreases T2-weighted imaging (T2WI) signal in-
tensity through its ferroxidase activity,!3 thereby enabling
noninvasive, real-time monitoring of stem cell transplan-
tation, migration, and survival.'4 Furthermore, synthetic
MRI (SyMRI) is a novel quantitative magnetic resonance
technique that simultaneously generates T1, T2, and pro-
ton density (PD) maps in a single scan.!> Compared with
normal tissue or low-grade malignancies, tumors, particu-
larly high-grade tumors, generally exhibit higher T1 and T2
values,!® allowing SyMRI to precisely evaluate iron content
and treatment response. Additionally, the proton density
fat fraction (PDFF) is a noninvasive method that generates
a fat fraction map to quantitatively measure fat deposition
in organs.t”

The global incidences of obesity and metabolic syndrome
have paralleled a rise in HCC attributable to metabolic dys-
function-associated steatohepatitis (MASH), now exceeding
that linked to viral hepatitis.1® Recent evidence further sug-
gests that immunotherapy is less effective in metabolic dys-
function-associated steatotic liver disease (MASLD)-related
HCC than in viral hepatitis-related HCC.19.20 These findings
raise the possibility that MASLD may also impair the efficacy
of miRNA-based treatments for HCC.

Despite growing evidence linking MASLD to inferior im-
munotherapy response, the effect of MASLD-associated
metabolic dysregulation on miRNA-based therapies re-
mains unclear. Specifically, whether and how hepatic stea-
tosis attenuates the antitumor effects of miR-125b-5p in
HCC has not been investigated. Moreover, although MSCs
have been explored as delivery vehicles for multiple thera-
peutic genes, no previous study has combined miR-125b-
5p delivery with Fth-based MRI monitoring in MASLD-asso-
ciated HCC.

Herein, we engineered MSCs to codeliver miR-125b-5p
and Fth, thereby integrating treatment with imaging surveil-
lance. We investigated the antitumor efficacy of miR-125b-
5p in HCC and examined how MASLD-associated metabolic
dysregulation attenuates this therapeutic effect, with par-
ticular focus on the miR-125b-5p/HK2 axis and the down-
stream PI3K/AKT/mTOR signaling pathway. By addressing
this knowledge gap, our findings may inform therapeutic
stratification and optimization for the growing population of
HCC patients arising in the setting of MASLD.
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Methods

Polyplex synthesis and characterization

Polyethylene glycol-polyethylenimine (PEG-PEI) copolymer
was synthesized as previously described, and its structure
was confirmed by 'H nuclear magnetic resonance (*H-NMR).21
DNA/miRNA-loaded PEG-PEI nanopolyplexes were prepared
at an N/P ratio of 15 by mixing PEG-PEI with plasmids/miRNA
in 0.9% sodium chloride solution, followed by vortexing and
incubation at room temperature for 15 min. Hydrodynamic
size and zeta potential were measured using a Zetasizer, and
morphology was observed by scanning electron microscopy,
and the cytotoxicity of PEG-PEI in MSCs was assessed using
a Cell Counting Kit-8 (CCK-8; Dojindo, Japan) assay.

MSC transfection and characterization

Mouse bone marrow-derived MSCs (iCELL Bioscience Inc.,
Shanghai, China) were transfected with polyplexes and
assigned to four groups: miR-125b-5p+Fth+MSCs (miR-
Fth-MSCs), Fth+MSCs (Fth-MSCs), miR-125b-5p+MSCs
(miR-MSCs), and untreated MSCs (MSCs). Surface antigen
expression (Sca-1, CD90, CD105, CD34, CD45) and apo-
ptosis were evaluated by flow cytometry using established
protocols.4:10

Cell viability was assessed by trypan blue exclusion and
CCK-8 assays, as previously described.l® For trypan blue
staining, MSCs were mixed with 0.4% trypan blue (Sigma-
Aldrich) and counted using a hemocytometer. For the CCK-8
assay, cells were seeded in 96-well plates at 5,000 cells/well,
incubated for 24, 48, and 72 h, and absorbance at 450 nm
was measured after addition of CCK-8 reagent.

Migration capacity was determined by Transwell and
wound-healing assays and quantified using Image], as pre-
viously described.!! For Transwell migration, 2 x 10> MSCs
in serum-free DMEM were added to the upper chamber (8-
um pores), with complete medium containing 10% FBS in
the lower chamber. After 36 h, migrated cells on the lower
surface were fixed, stained with 0.1% crystal violet, and
counted. For the wound-healing assay, confluent MSCs were
scratched with a pipette tip, washed, and cultured in serum-
free medium; wound closure was observed at 0, 12, and 36
h.

MSC differentiation was induced using commercial media
(Procell) according to the manufacturer’s instructions, as
previously described.1® MSCs were seeded at 2 x 10* cells/
cm? and cultured in osteogenic or adipogenic differentia-
tion medium for 21 days, with medium changed every three
days. Differentiated cells were fixed with 4% formaldehyde
and stained with Oil Red O or Alizarin Red S, respectively.

Gene and protein expression were analyzed by RT-qPCR
and Western blot (WB), respectively, using previously report-
ed procedures.!0

Iron accumulation assessment

Cells were incubated with ferric ammonium citrate (FAC)
for 72 h. Iron accumulation was examined by Prussian blue
staining, atomic absorption spectrometry (AAS), and trans-
mission electron microscopy (TEM). For in vitro MRI, 1 x 10%
cells were suspended in 4% agarose gel and scanned on a
clinical 3.0T scanner (Signa Architect, GE Healthcare) using
T1WI, T2WI, and T2 mapping sequences, as previously de-
scribed.4

Isolation and characterization of MSC-derived ex-
osomes (MSC-Exos)

MSC-Exos were isolated from conditioned media by sequen-
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tial centrifugation (300 x g, 2,000 x g, and 10,000 x g),
filtration through a 0.22-pm filter, and ultracentrifugation at
100,000 x g for 180 min, as previously described.1® Exo-
some characteristics were analyzed by TEM, nanoparticle
tracking analysis, and WB for CD9, TSG101, and calnexin.
For uptake studies, exosomes were labeled with PKH-26 and
visualized by confocal microscopy. The effects of MSC-Exos
on liver cancer cells were assessed in vitro and in vivo using
migration and apoptosis assays as described above.10

Animal models

All animal experiments were approved by the Institutional
Animal Care and Use Committee. Male BALB/c-nu nude mice
(6 weeks, 20-25 g) and Sprague-Dawley (SD) rats (8 weeks,
200-250 g) were obtained from Sun Yat-sen University Ani-
mal Experiment Center.

MASLD models were established in Sprague-Dawley rats
by high-fat diet combined with carbon tetrachloride gavage
for 8, 10, and 12 weeks, respectively, resulting in mild (5-
33% steatosis), moderate (33-66%), and severe (>66%)
steatosis, confirmed by body weight, PDFF measurements,
Hematoxylin and eosin (H&E) staining, Oil Red O, and Mas-
son’s trichrome staining, as previously described.4

Orthotopic HCC models were generated by inoculating
luciferase-expressing HUH7 cells into BALB/c-nu nude mice
and Sprague-Dawley rats. Tumor growth was monitored us-
ing IVIS Spectrum.*

MSC transplantation and treatment protocol

Tumor-bearing mice were randomly assigned to six groups
(n = 5 each) and received via portal vein injection: 1 x 106
miR-Fth-MSCs, Fth-MSCs, miR-MSCs, MSCs, miR-Fth-MSC-
Exos, or PBS. Rat groups received miR-MSC treatment. For
the subcutaneous tumor model, nude mice were injected
with 5 x 108 oe-HK2 or oe-NC HUH7 cells; when the tumor
volume reached 300 mm3, mice received intravenous miR-
MSCs.11

In vivo MRI

MRI was performed at baseline and on days 5, 10, 15, and
20 post-transplantation using a clinical 3.0-T scanner with
dedicated small-animal coils (WK607, Magtron Inc., Jiangyin,
China). T2-weighted imaging, SyMRI (MAGIC sequence; T1,
T2, and PD maps), and PDFF (IDEAL IQ sequence) were ac-
quired to evaluate cell survival, distribution, and therapeutic
effects. Region of interest analysis was performed to meas-
ure T1, T2, and PD values, as previously described.17:22

Histological and immunohistochemical analyses

At 20 days after transplantation, liver tissues were harvest-
ed, paraffin-embedded, and sectioned (5 um). H&E staining,
Prussian blue staining, and TUNEL assays were performed.
Immunohistochemistry was conducted for p21, cleaved cas-
pase-3, Bcl-2, and Bax (1:200, Abcam) with DAB visualiza-
tion. Whole-slide images were acquired (Pannoramic MIDI,
3DHISTECH) and analyzed using Image] software, as previ-
ously described.*

Biochemical assays and biosafety assessment

Liver tissue cholesterol content was quantified using a cho-
lesterol quantification kit (Abcam). Reactive oxygen species
(ROS), malondialdehyde (MDA), and interleukin (IL)-6 were
measured using ELISA kits (Abcam). mRNA expression of
MCP-1, IL-18, and TNF-a was determined by RT-qPCR. Liver
and kidney function were evaluated by serum ALT, AST, BUN,
and Cr, as previously described.*

Cell coculture assay

HUH7 cells were cultured with miR-MSCs in conditioned me-
dia representing hepatocytes with different degrees of stea-
tosis using Transwell inserts (3-pm pore size). Apoptosis of
HUH7 cells was then assessed by flow cytometry (Annexin
V-FITC/PI staining) using established methods.10

Bioinformatics analysis

Potential targets of miR-125b-5p were predicted using
miRDB (http://www.mirdb.org), TargetScan (http://www.
targetscan.org), and miRTarBase (https://bio.tools/mirtar-
base). Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses were
performed using the clusterProfiler R package.?3

Dual-luciferase reporter assay

HUH?7 cells were co-transfected with luciferase reporter plas-
mids containing wild-type or mutant 3’ UTR of HK2 together
with miR-125b-5p mimics or negative controls using Lipo-
fectamine™ 3000. Luciferase activity was measured using
a dual-luciferase reporter assay system, as previously de-
scribed.?4

Gene transfection and functional assays in HUH7
cells

Lentiviral vectors containing miR-125b-5p mimic, miR-
125b-5p inhibitor, HK2 overexpression construct, and cor-
responding controls were transfected into HUH7 cells using
Lipofectamine™ 3000. Transfection efficiency was assessed
by RT-gPCR. Cell proliferation was evaluated using CCK-8
and colony formation assays, and migration was assessed
by Transwell and wound-healing assays, as previously de-
scribed.”

Induction of lipotoxicity and WB analysis

To induce lipotoxicity in HUH7 cells, palmitic acid (0.5 mM,
Sigma-Aldrich) and oleic acid (1 mM) were dissolved in 0.5%
fatty acid-free BSA (BAH66-0100, Equitech Bio) before treat-
ment, and WB analysis was subsequently performed.

WB analysis

Proteins were extracted using RIPA lysis buffer with protease
inhibitor, quantified by BCA assay, separated by SDS-PAGE,
and transferred to PVDF membranes. Membranes were in-
cubated with primary antibodies against Fth (ab65080, Ab-
cam), GAPDH (5174, Cell Signaling), HK2 (BF0283, Affinity
Biosciences), mTOR (AF6309-50), p-mTOR (AF3308), PI3K
(AF6241), p-PI3K (AF3241), AKT (AF0836), p-AKT (AF0016),
and B-actin (AF7018), followed by HRP-conjugated second-
ary antibodies. Protein signals were visualized by chemilu-
minescence and quantified using Imagel, as previously re-
ported.10

RT-qPCR

Total RNA was extracted using TRIzol reagent. cDNA was
synthesized using PrimeScript RT Reagent Kit. qPCR was per-
formed using SYBR Green gPCR Super Mix on an ABI PRISM
7500 System. Relative expression was calculated using the
2-BACt method, with U6 or 18S serving as internal controls,
as previously described.19 Primer sequences are listed in Ta-
ble 1.

Statistical analysis

Data are presented as mean *+ standard deviation. Statisti-
cal significance was determined by Student’s t-test, one-way
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Table 1. Primer sequences used for RT-qPCR analysis

Shen L. et al: miR-125b-5p-MSC therapy in MASLD-HCC

Target Sequence
miR-125b-5p F 5" ACACTCCAGCTGGGTCCCTGAGACCCTAACT 3’
R 5’ CTCAACTGGTGTCGTGGA 3’
ué6 F 5" CTCGCTTCGGCAGCACA 3’
R 5" AACGCTTCACGAATTTGCGT 3’
Fth F 5" CCATCAACCGCCAGATCAAC 3’
R 5’ ATCCTGAAGGAAGATTCGGC 3’
18S F 5" CCTGGATACCGCAGCTAGGA 3’
R 5" GCGGCGCAATACGAATGCCCC 3’
MCP-1 F 5" GAAAGTCTCTGCCGCCCTT 3’
R 5’ TTGATTGCATCTGGCTGAGCG 3’
TNF-a F 5’ CATCTTCTCAAAATTCGAGTGACAA 3’
R 5’ CCCAACATGGAACAGATGAGGGT 3’
IL-1B F 5’CTGCCCACAGACCTTCCA 3’

R 5" GGACCAGACATCACCAAGC 3’

F, forward primer; R, reverse primer; RT-qPCR, reverse transcription quantitative polymerase chain reaction; miR-125b-5p, microRNA-125b-5p; Fth, ferritin heavy
chain; MCP-1, monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-a; IL-1B, interleukin-18.

ANOVA with Bonferroni post-hoc correction, Spearman’s rank
correlation test, and log-rank test. Statistical analyses were
performed with GraphPad Prism 9, with P < 0.05 considered
statistically significant.

Results

Polyplex synthesis, MSC transfection, and charac-
terization

PEG-PEI was successfully synthesized, as confirmed by H-
NMR analysis (Fig. 1A). PEG-PEI exhibited low cytotoxicity,
with MSC viability maintained at 90.09% after exposure to 8
pg/mL for 48 h (Fig. 1B); therefore, this concentration was
used for polyplex formation. At an N/P ratio of 15, the poly-
plexes displayed a hydrodynamic size of 189.2 £ 3.2 nm, a
zeta potential of 8.5 £ 0.7 mV, and a uniform spherical mor-
phology (Fig. 1C). These polyplexes were used to transfect
MSCs, generating four groups: MSCs, miR-125b-5p+MSCs,
Fth+MSCs, and miR-125b-5p+Fth+MSCs.

Transfection did not alter MSC surface antigen expression
(CD34-/CD45-/Sca-1*/CD90*/CD105%), viability (>95%),
proliferation, migration, apoptosis (<7%), or osteogenic/
adipogenic differentiation capacity (Figs. 1D-G and Supple-
mentary Figs. 1A-D). Transgene expression remained sta-
ble, with significant upregulation of Fth and miR-125b-5p
in the respective transfected groups (Fig. 1H, P < 0.0001).
Following FAC incubation, Fth-transfected MSCs exhibited
decreased T2WI signal intensity and significantly lower T2
values (109.8 £ 12.54 ms and 109.9 £ 12.6 ms, respec-
tively) compared with untransfected controls (307.8 £ 12.18
ms and 308.9 £ 13.03 ms, P < 0.0001) (Fig. 1J). Prussian
blue staining, AAS, and TEM confirmed enhanced iron depo-
sition in Fth-expressing MSCs (Fig. 1I and Supplementary
Fig. 1E-F), confirming successful reporter gene integration
and imaging capability.

Inhibition of HCC by miR-125b-5p

SyMRI quantification revealed that untreated tumor tissue
exhibited significantly higher T1, T2, and PD values com-

pared with normal liver tissue (P < 0.0001; Fig. 2B and C).
Following treatment, T2-weighted imaging revealed sus-
tained hypointensity in tumors receiving miR-Fth-MSCs and
Fth-MSCs from Day 5 to Day 20 (Fig. 2D-E), consistent with
Prussian blue staining and indicating persistent MSC localiza-
tion. SyMRI further confirmed that Fth-MSC-treated tumors
had significantly lower T1, T2, and PD values than controls
through Day 20 (Fig. 2E), indicating that MSCs could be reli-
ably tracked in vivo.

Therapeutically, tumor volumes decreased over 20 days in
the miR-Fth-MSC and miR-MSC groups, whereas tumors in
the Fth-MSC, MSC, and PBS groups continued to grow (Fig.
2D). Corresponding SyMRI quantification revealed time-de-
pendent reductions in T1, T2, and PD values in the miR-MSC
cohort (Fig. 2E, green line), with significant differences ob-
served for T1 and T2 values across all time points, whereas
PD values differed between Days 15-0 and Days 20-0. The
lower values in the miR-Fth-MSC group (blue line) compared
with miR-MSC (green) and Fth-MSC (yellow) likely reflect the
combined effects of Fth and miR-125b-5p. In contrast, MSC
treatment alone (orange) produced a neutral effect on tumor
growth compared with PBS (red). Notably, a tumor in the
miR-MSC group remained relatively stable in size over time
(Fig. 2F), with corresponding T1, T2, and PD trends consist-
ent with treatment-responsive tumors (Fig. 2G), supported
by the final pathological findings (Supplementary Fig. 2A).

TUNEL and H&E staining further confirmed that increased
miR-125b-5p expression in the miR-Fth-MSC and miR-MSC
groups was associated with enhanced apoptosis and necrosis
(P < 0.0001; Fig. 2H). Upregulation of p21 (P < 0.0001)
and cleaved Caspase-3 (P < 0.05; Supplementary Fig. 2B)
indicated that activation of miR-125b-5p (in the miR-Fth-
MSC and miR-MSC groups) resulted in cell cycle arrest and
apoptosis activation. The Bcl-2/Bax ratio determines wheth-
er apoptosis is initiated through regulation of mitochondrial
membrane permeability, in which Bax is a proapoptotic pro-
tein, and Bcl-2 is an anti-apoptotic protein (P < 0.0001). Cor-
relation analysis revealed significant associations between
decreased SyMRI parameters and increased TUNEL staining,
p21, cleaved Caspase-3, and Bax/Bcl-2 ratio (Supplementary
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Fig. 1. Effects of multigene modification on MSC biological activity. (A) H-NMR spectra of PEG-PEI. (B) CCK-8 assay of MSC viability after exposure to PEG-PEI
at the indicated concentrations. (C) Scanning electron microscopy images of PEG-PEI/miR-125b-5p-Fth nanoparticles at an N/P ratio of 15. (D-G) Assays of MSC viability,
proliferation, migration, and apoptosis using trypan blue exclusion, CCK-8, Transwell/wound-healing, and flow cytometry, respectively. (H) RT-qPCR and Western blot
analyses of Fth and miR-125b-5p expression in the indicated groups. (I) TEM images of Fth-MSCs and MSCs. (J) In vitro MRI detection of Fth using TIWI, T2WI, and T2
mapping after FAC incubation. Scale bars: 200 nm in C and 1 pm in I. n = 5. ns, not significant; ****p < 0.0001. Data are presented as mean + SD. 'H-NMR, Proton
nuclear magnetic resonance; CCK-8, Cell Counting Kit-8; FAC, ferric ammonium citrate; MSC, mesenchymal stem cell; PEG-PEI, polyethylene glycol-polyethylenimine;
RT-gPCR, reverse transcription quantitative polymerase chain reaction; TIWI, T1-weighted imaging; T2WI, T2-weighted imaging; TEM, transmission electron microscopy.

Fig. 2C). No significant differences in liver or kidney function Diminished therapeutic effectiveness of miR-125b-
markers were detected between the MSC and PBS groups, 5p in rats with a MASLD background

indicating the high biosafety of MSC therapeutic implantation MASLD models were successfully established, as confirmed
(Supplementary Fig. 3A). by H&E and Oil Red O staining (Supplementary Fig. 3B).
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None of the groups exhibited liver fibrosis, with an NAS of 5.
All groups presented MASLD rather than MASH. Liver tissues
were collected for laboratory analysis. miR-125b-5p-MSCs
increased HUH7 cell apoptosis after cocultivation, but con-
ditioned media from fatty liver hepatocytes weakened this
antitumor response (Fig. 3B). Fatty liver tissues exhibited
increased cholesterol deposition (Supplementary Fig. 3C),
elevated MDA and ROS levels (Fig. 3B), and progressive ex-
pression of IL-6, MCP-1, IL-1B, and TNF-a (Fig. 3B and Sup-
plementary Fig. 3D), indicating oxidative stress and inflam-
mation.

All groups were treated with miR-125b-5p-MSCs and un-
derwent MRI scans before and after treatment; tumor vol-
umes and SyMRI results were measured. On T2WI, the liver
signal progressively decreased as fatty liver disease wors-
ened. In contrast, fat fraction maps showed increased liver
brightness (Fig. 3C-E). Tumor volumes were significant-
ly larger in the severe fatty liver group at all time points
post-treatment (P < 0.0001; Fig. 3D), and in the moderate
group on Days 10 and 15 (P < 0.0001 and P = 0.002, re-
spectively), indicating a less effective therapeutic response.
On Day 15, the T2 value in the severe fatty liver group was
higher than that in the mild fatty liver group (P = 0.0176;
Fig. 3E), whereas on Day 20, both T1 and T2 values were
significantly elevated in the severe group compared with the
non- and mild groups (T1: P = 0.0296 and P = 0.0331; T2:
P = 0.0165 and P = 0.0137; Fig. 3E, Supplementary Fig.
3E and F). Histological findings corroborated these imaging
results, demonstrating attenuated apoptosis and cell cycle
arrest in MASLD-associated tumors (Fig. 3F and Supplemen-
tary Fig. 3G). Therefore, these results indicate that moder-
ate to severe MASLD diminishes the therapeutic efficacy of
miR-125b-5p.

MSC demonstrates longer-lasting efficacy

We investigated the effects of MSC-Exos on HCC in vitro
and in vivo. MSC-Exos were successfully isolated from
conditioned media and characterized by TEM, nanoparticle
tracking analysis, and WB. TEM revealed typical biconcave
vesicles with diameters around 100 nm (Fig. 4A), while
nanoparticle tracking analysis confirmed average parti-
cle sizes ranging from 65.51 to 73.38 nm across the four
groups (Fig. 4B). WB analysis confirmed positive expres-
sion of the exosomal markers CD9 and TSG101, with no
calnexin contamination (Fig. 4C). Cellular uptake assessed
by confocal microscopy demonstrated efficient internaliza-
tion of PKH-26-labeled MSC-Exos by HUH7 cells across all
groups (Fig. 4D).

The functional effects of different MSC-Exos on HCC
cell migration and apoptosis were subsequently assessed
in HUH7 cells. In the Boyden chamber migration assay,
significantly fewer cells migrated after treatment with
miR-125b-5p-containing exosomes (Fig. 4E and Supple-
mentary Fig. 4A), whereas cells not exposed to miR-125b-
5p exhibited marked migratory activity through the non-
coated porous membrane. Similarly, as illustrated in Figure
4E-F and Supplementary Figure 4A-B, miR-125b-5p treat-
ment inhibited HCC cell migration and enhanced apopto-
sis. Furthermore, in vivo MR images revealed reduced tu-
mor size and decreased T2 signal intensity on Day 5 after
miR-Fth-MSC-Exo transplantation, followed by progressive
increases from Day 10 onward (Fig. 4G). Corresponding
SyMRI quantification showed a significant reduction on
Day 5, followed by a gradual increase from Day 10 onward
(Fig. 4H).

miR-125b-5p directly targets HK2 in HUH?7 cells

The inhibitory effect of miR-125b-5p on HCC prompted us
to further explore its therapeutic mechanism. Bioinformat-
ics analysis identified 104 overlapping miR-125b-5p target
genes across databases (Fig. 5A). To gain further insights
into these 104 genes, we conducted GO and KEGG path-
way functional enrichment analyses. Our findings revealed
enrichment in "miRNA metabolic process” and association
with “MicroRNAs in cancer”. Among the 104 genes, 34 were
identified as prognostic factors for overall survival in pa-
tients with liver hepatocellular carcinoma (LIHC) based on
The Cancer Genome Atlas (TCGA) data. Notably, according
to GeneCards, HK2 was the only gene related to metabolism.
To analyze the effects of miR-125b-5p and HK2 expression
on patient survival, we categorized 370 human LIHC patients
into high- and low-expression groups. Low miR-125b-5p
expression and high HK2 expression were significantly as-
sociated with poor overall survival in patients (Fig. 5B). An
inverse correlation between miR-125b-5p and HK2 mRNA
expression was observed (P < 0.0001; Fig. 5C). These pre-
liminary bioinformatics analyses suggest that HK2 is associ-
ated with miR-125b-5p and that both are associated with
LIHC prognosis. Furthermore, the GEPIA database indicated
that HK2 expression was associated with pathways related to
fatty acid metabolism, cholesterol homeostasis, glycolysis,
and bile acid metabolism (Fig. 5D), supporting its potential
role in metabolic regulation in HCC.

miR-125b-5p suppresses HCC by targeting HK2

Building on the above findings, we further investigated the
biological significance and underlying mechanism of the miR-
125b-5p/HK2 axis in LIHC. RT-gPCR confirmed successful
modulation of miR-125b-5p expression by the mimic or in-
hibitor (Fig. 6A). Cell proliferation was evaluated by CCK-
8 assay, and representative colony-formation dishes are
provided in Supplementary Figure 5A. Compared with the
corresponding control groups, miR-125b-5p overexpression
suppressed proliferation, whereas miR-125b-5p inhibition
increased proliferation (P < 0.0001; Fig. 6B-C and Supple-
mentary Fig. 5A). In rescue experiments, HK2 overexpres-
sion attenuated the antiproliferative effect of miR-125b-5p
(Fig. 6G); representative colony-formation dishes are shown
in Supplementary Figure 5B.

Wound-healing and Transwell assays demonstrated that
cell migration was significantly inhibited by the miR-125b-5p
mimic (P < 0.0001 and P = 0.0005, respectively), whereas
this effect was reversed by the miR-125b-5p inhibitor (P <
0.0001 and P = 0.0001, respectively; Fig. 6D and Supple-
mentary Fig. 5C). HK2 overexpression further promoted cell
migration (Fig. 6F and Supplementary Fig. 5D). A dual-lucif-
erase reporter assay (Fig. 6E) showed that the miR-125b-
5p mimic significantly inhibited the luciferase activity of the
HK2-WT reporter (P = 0.0018), whereas no change was ob-
served for the HK2-MUT reporter, confirming that miR-125b-
5p directly targets HK2 in HUH7 cells.

To further define the downstream mechanism, WB analy-
sis was performed to examine components of the PI3K/AKT/
mTOR pathway (Fig. 6H). Reduced HK2 expression in the
miR-125b-5p group was accompanied by decreased phos-
phorylation of PI3K, AKT, and mTOR. In addition, fatty acid-
induced lipotoxicity markedly increased total HK2 protein
expression in HUH7 cells, whereas treatment with the miR-
125b-5p mimic attenuated this effect. Fatty acid exposure
also induced phosphorylation of mTOR and its upstream
regulators PI3K and AKT, which was likewise reduced by
miR-125b-5p overexpression. Finally, in vivo experiments
further confirmed that HK2 is a critical downstream mediator
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Fig. 3. Effect of MASLD on the antitumor response to miR-125b-5p. (A) Experimental design of the MASLD-associated orthotopic HCC study. (B) Coculture as-
says and measurements of oxidative stress and inflammatory markers, including ROS, MDA, IL-6, MCP-1, IL-18, and TNF-a, in HUH7 cells exposed to conditioned media
from hepatocytes with different degrees of steatosis. (C-E) Serial T2WI, SyMRI, and PDFF assessments before and at 5, 10, 15, and 20 days after miR-125b-5p-MSC
transplantation. (F) Representative H&E, p21 immunohistochemistry, and TUNEL images. Scale bars: 20 um in F. n = 5. ns, not significant; *P < 0.05, **P < 0.01;
***P < 0.001; ****P < 0.0001. Data are presented as mean + SD. H&E, hematoxylin and eosin; HCC, hepatocellular carcinoma; IL-1B, interleukin-1B; IL-6, interleu-
kin-6; MASLD, metabolic dysfunction-associated steatotic liver disease; MCP-1, monocyte chemoattractant protein-1; MDA, malondialdehyde; PDFF, proton density fat
fraction; ROS, reactive oxygen species; SyMRI, synthetic magnetic resonance imaging; T2WI, T2-weighted imaging; TNF-a, tumor necrosis factor-a; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick-end labeling.
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Fig. 4. Characterization of MSC-Exos and evaluation of their antitumor effects in vitro and in an orthotopic HUH7 model. (A) TEM images of MSC-Exos
from the indicated groups. (B) Nanoparticle tracking analysis of MSC-Exo size distribution. (C) Western blot analysis of exosome markers CD9 and TSG101 and the en-
doplasmic reticulum marker calnexin. (D) Representative confocal microscopy images of HUH7 cells incubated with PKH-26-labeled MSC-Exos (red) and counterstained
with DAPI (blue). (E, F) Transwell and wound-healing assays and flow cytometry analysis of HUH7-cell migration and apoptosis after treatment with MSC-Exos from the
indicated groups. (G, H) Serial T2WI and quantitative SyMRI values of tumors before and at 5, 10, 15, and 20 days after miR-125b-5p-Fth-MSC-Exos transplantation.
Scale bars: 100 nm in A and 20 pm in D. n = 5. *P < 0.05. Data are presented as mean * SD. DAPI, 4’,6-diamidino-2-phenylindole; MSC-Exos, mesenchymal stem
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of the antitumor effect of miR-125b-5p. Gross images from
the subcutaneous tumor model are shown in Supplementary
Figure 5E. Moreover, the antitumor effect observed after tail
vein injection supports the tumor-targeting capacity of MSC-
based delivery.

Discussion

In this study, we engineered and transplanted miR-125b-
5p-Fth-MSCs under MRI guidance, achieving significant sup-
pression of HCC growth through sustained HK2 targeting.
Notably, the therapeutic efficacy progressively declined with
increasing severity of fatty liver disease, underscoring a criti-
cal interaction between tumor metabolism and the hepatic
microenvironment.

Previous work revealed that miR-125b-5p potently sup-
presses HCC progression by targeting TXNRD1,” and our
findings further support its antitumor potential. Importantly,
MASLD-driven HCC is characterized by lipid metabolism ab-
normalities, mitochondrial dysfunction, and chronic inflam-
mation,25 which were reflected in our models by increased
cytokine production, oxidative stress, and lipotoxicity. Clari-
fying how these metabolic alterations modulate miR-125b-5p
activity is therefore essential. Focusing on metabolic repro-
gramming,2® our bioinformatics analyses identified HK2 as
the only metabolism-related gene among candidates associ-
ated with “microRNAs in cancer”. Luciferase reporter assays

confirmed HK2 as a direct downstream target of miR-125b-
5p. Although the miR-125b-5p/HK2 axis has been reported
in other malignancies,2427:28 its role in HCC, particularly in
the context of MASLD, has not been established. In addi-
tion, HK2 is a key regulator of glycolysis,?° and its increased
expression is associated with enhanced glycolytic flux and
fibrogenesis in MASLD liver tissue.30

Functionally, our data demonstrate that miR-125b-5p
suppresses HCC progression by downregulating HK2 and
inhibiting the PI3K/AKT/mTOR pathway. Coculture experi-
ments further indicate that the fatty liver microenvironment
attenuates the therapeutic efficacy of miR-125b-5p-MSCs.
Fatty acid-induced lipotoxicity increased HK2 expression and
activated PI3K/AKT/mTOR signaling, partially counteract-
ing miR-125b-5p—-mediated effects. These observations are
consistent with previous studies showing that inhibition of
the PI3K/AKT/mTOR pathway alleviates hepatocyte dysfunc-
tion in MASLD.3! The literature also indicates that miRNAs
are key regulators involved in insulin signaling, insulin re-
sistance, fatty acid, triglyceride, lipoprotein, and cholesterol
biosynthesis, and MASLD.32 Cai et al. demonstrated that in
liver tissues and cells from patients with MASLD, the CpG is-
land in the miR-125b-5p promoter was methylated, resulting
in epigenetic silencing of miR-125b-5p.33 A short-term high-
fructose diet was shown to significantly decrease the expres-
sion levels of miR-125b-5p in the liver,32 which may explain
the therapeutic suppression we observed. Additionally,
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Fig. 5. Bioinformatics analysis of miR-125b-5p target genes. (A) Intersection of candidate target genes identified by miRDB, miRTarBase, and TargetScan, fol-
lowed by GO and KEGG enrichment analyses of the overlapping genes. (B) Kaplan-Meier overall survival curves of 370 LIHC patients stratified by hsa-miR-125b-5p and
HK2 expression. (C) Spearman correlation analysis of hsa-miR-125b-5p and HK2 mRNA expression in 370 LIHC samples. (D) Correlation analysis of HK2 with fatty acid
metabolism, cholesterol homeostasis, glycolysis, and bile acid metabolism using the GEPIA database. GEPIA, Gene Expression Profiling Interactive Analysis; GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; LIHC, liver hepatocellular carcinoma; mRNA, messenger RNA.

miR-125b-5p is dynamically regulated during inflammatory
responses, initially decreasing to permit cytokine produc-
tion and subsequently increasing to limit excessive inflam-
mation.3* Its expression has also been linked to metabolic
regulators such as the vitamin D receptor in adipose tissue.3>
Collectively, these findings support a model in which the MA-
SLD microenvironment imposes a metabolic constraint that
diminishes miR-125b-5p-mediated antitumor activity.
Exosomes play a central role in MSC-mediated paracrine
signaling and have emerged as promising therapeutic agents
because of their small size and low immunogenicity.36:37 In
our experiments, MSC-Exos were internalized by HCC cells
and inhibited proliferation and migration while promoting
apoptosis. However, their therapeutic effect was transient.
The literature indicates that the half-life varies depending on
the origin, size, route of administration, or recipient species
of extracellular vesicles (EVs). Regardless of the specific EVs,
their peak levels in the liver or tumor tissue are generally

10

reached within 48 h, after which levels begin to gradually de-
crease. By Day 6, they are typically undetectable, which ne-
cessitates multiple injections to achieve sustained therapeu-
tic effects.3® Consistent with this, we observed early tumor
regression followed by regrowth after exosome treatment. To
prolong the therapeutic duration, we employed MSCs as gene
delivery carriers. Previous studies have shown that MSCs
can be traced for 28 or 35 days posttransplantation,®t.39
with labeled MSCs detectable up to 90-150 days.*? Herein,
the MSCs acted as cellular “Trojan horses”, continuously se-
creting MSC-Exos to sustain therapeutic delivery for more
than 20 days and avoid repeated injections. Furthermore,
in vivo experiments on subcutaneous tumors demonstrated
the tumor-targeting ability of MSCs. The data published to
date show paradoxical effects with respect to MSCs because
of their ability to polarize. The level of inflammation and/
or the presence of TLR agonists determines whether MSCs
polarize toward a proinflammatory/antitumor (MSC1) or an

Journal of Clinical and Translational Hepatology 2026



Shen L. et al: miR-125b-5p-MSC therapy in MASLD-HCC

A C ns
. . —
miR-125b-5p o 157 miR-125b-5p B i S = . sk
- Kk 9 c 087 e sh - | —
w 25 1 [ *k ‘§ o =
] P -= inhibitor e
(] ) 1)
> 20 = 2 0.6- 2 4007
Q@ < 1.0 G} —&— Iv-vector I 5
< 15+ 4 3 mimic '3 3004
E 4 Q 04 ** 5
._
@ 101 0 g5 o g 2001
= = S 0.2 £
T 5 3 © 2 100
& % ©
0- 0.0- 0.0 T T 1 0 T T T T
Iv-vector mimic sh-NC inhibitor 0 24 48 72 96 0\0« ' 4\‘0 eQ 4\\0‘
Time(h) 2 ®
N A
D *kkk F Rkt
500- Hokkk o 0.8- Sk k 500- Kkkk  kkkk o 0.8+
.‘6 g *kkk *kkk
LN *kk o _ o
3 A c ° - S
£ o 400 5 06 2. 400 % o6
= © =
& 8300 _xxx > HEE & 8 3004 2
£c — S Ec IS =
s 8 o 0.44 5 8 = 0.4+
o B 2004 £ S % 2004 £
2E 200 H g = 200 s
g £ T 024 g £ 5 0.24
3 1001 T 3 1004 2
3 3
ol L1 Sooll Ll 1111 ol A L L1 B S
ROV RN $ ¥ L ¢ RO I RS ¢ & O ©
& 6“‘0 é\x\ & &:} <\-\\6‘ = ~((\o\\ & 6‘\6\ F & & & K P
b * N4 N < & & W & &
6-\\&‘ & & N
E H
HK2 WT: 5 AGCCAA—-AUAAAACCUCAGGGA 3’ . .
I Iv-vector mimic
L1 T H
miR-125b-5p: 33 AGUGUUCAAUCCCAGAGUCCCU 5 IV veCtor mimic
HK2 MUT: 55 AGUAACCAAUCCCAACCGGGUU 3 H F - + - + kDa
215 * miR-NC [ = —
z " e e PI3K 85
&
2 10 =
i . O [
g mTOR |1 A F| 280
o " e . » &
i 05
AKT |S—— G0
3, p-mTOR 289
= T T
wT MUT - |
B-actin N w——— ;2
s p-actin [T ;2
rme
0 *k% *kk%k -
(0] *kkk *kkk *k%k
‘£ 600+ HekKkk e NS —
X=] — —0s e s NS kkkk
8 *k% *kk%k *kkk  kkkk *kk%k
25 159 —————— 207 sxkx 39
‘G 400+ *kkk £ *kk & —
c | A | o 1 D £
5 g 20 s 2 2
o s 5 g 15 B .
E 200- 9 g1 g8 28 08
z 28 58 5810 23
o 210 xg &S gs
x§ x & 05 v & g 1
04—+ r r T g s g 8 05 <
S & O & ; & a
O N &
& & S 00 ool L L, ool L, ol L ALLL
& O & & & & & & & & & & & &£ & & & & &
< § F & &S F & & & N F & & &
6\\@\ 6\\6\ \Aﬁé}c g’éo & \4,-\“0 \4,4‘90‘ & & \4;\\0 & & & \9“'\0 \_\,*"’00 & &
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anti-inflammatory/immunosuppressive/protumor (MSC2)
phenotype.*! Some studies suggest that MSCs and their EVs
tend to exert anti-inflammatory and antifibrotic effects on
MASLD, MASH, and liver fibrosis.#*2 However, their functional
phenotype is influenced by cell source, expansion conditions,
dose, and timing of administration.#3 One solution is to use
genetically modified MSCs, which have demonstrated prom-
ising results against various cancers in animal models.41:44
In this study, unmodified MSCs exhibited minimal effects on
tumor growth, likely due to insufficient dosage and limited
intrinsic activity. This limitation was addressed through ge-
netic modification with miR-125b-5p, which enhanced their
antitumor efficacy.

A major strength of our study is the multimodal theranostic
approach that integrates therapy and imaging. MRI enabled
longitudinal tracking of MSC distribution and therapeutic re-
sponse through Fth-mediated contrast.4> Unlike conventional
SPIO labeling, which is diluted with cell division, the Fth re-
porter—enabled imaging traits are inherited by MSC progeny
via mitosis, allowing long-term tracking.*® Our results dem-
onstrated that Fth gene-modified MSCs produced detectable
contrast differences on MRI, enhancing traceability and di-
agnostic efficiency. Importantly, Fth overexpression did not
affect the proliferation rate of MSCs, which is consistent with
previous findings.4” Another innovative aspect of this study is
the application of quantitative SyMRI for early response as-
sessment. Prior SyMRI studies have reported higher T1 and T2
values in rectal tumors than in normal tissue.1® Additionally,
compared with low-grade invasive ductal breast cancer, high-
grade invasive ductal breast cancer has markedly elevated T1
and PD values.*® Moreover, T1 and T2 values are elevated in
triple-negative tumors but decreased in non-triple-negative
tumors.22 In our study, we measured T1, T2, and PD values
to assess the therapeutic efficacy of miRNA treatment, with
reductions in these values indicating effective treatment. Var-
iations in these values before and after treatment can be at-
tributed to intrinsic tissue properties, including water content,
microvascular density, proliferation, and other molecular-level
microstructural differences.?249 Notably, quantitative chang-
es were detectable even in one case without apparent volu-
metric reduction, suggesting that SyMRI may capture early
biological responses preceding macroscopic tumor shrinkage.
Although the sample size is limited, this phenomenon is con-
sistent with what we observe in clinical practice. The signifi-
cant correlations between MRI values and molecular markers
of cell cycle arrest (p21) and apoptosis (c-Caspase-3) indicate
that T1, T2, and PD relaxation times can serve as surrogate in
vivo readouts of underlying therapeutic efficacy. These find-
ings support the clinical potential of quantitative MRI for early
response assessment, enabling identification of responders
prior to volumetric changes and timely therapy adaptation,
which is consistent with the literature.*® To our knowledge,
this is the first demonstration of SyMRI-based early response
monitoring in a MASLD-driven HCC model, providing a frame-
work for future clinical translation.

Several limitations exist in this study. First, we established
a MASLD model and directly implanted liver cancer cells into
this model, rather than progressing from liver fibrosis and
cirrhosis to HCC. Despite this limitation, our data revealed
increased levels of cytokines, chemokines, and oxidative
stress products in the liver, suggesting that the hepatic mi-
croenvironment of our HCC model with a fatty liver back-
ground resembled that of MASH-related HCC.50 Future stud-
ies employing spontaneous HCC development models in the
setting of progressive MASLD/MASH could more accurately
recapitulate the evolution of human disease. Second, we did
not further validate strategies to overcome resistance in the
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MASLD model. In future studies, we intend to explore ap-
proaches such as combining HK2 inhibitors or modulating li-
pid metabolism. Third, the clinical translation of MSC-based
therapies faces regulatory challenges related to standardiza-
tion, safety, and regulatory approval.

Conclusions

This study demonstrated that miR-125b-5p-engineered
MSCs exerted potent antitumor effects against HCC through
HK2 downregulation and PI3K/AKT/mTOR pathway inhibi-
tion, while Fth enabled noninvasive MRI tracking. Important-
ly, we identified MASLD-associated metabolic dysregulation
as a resistance mechanism characterized by HK2 upregula-
tion and PI3K/AKT/mTOR pathway reactivation. These find-
ings have important clinical implications. First, HCC patients
with underlying MASLD may require stratified therapeutic
approaches rather than being managed identically to other
HCC subtypes. Second, combination strategies targeting HK2
or lipid metabolism may be needed to overcome resistance.
Finally, quantitative MRI parameters may serve as early bio-
markers of treatment response and could facilitate individu-
alized treatment adaptation. Overall, this study provides a
foundation for the rational design of MSC-based theranostic
strategies for HCC while emphasizing the importance of host
metabolic status in therapeutic design and response assess-
ment.
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