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Highlights

e miR-107 is globally downregulated in mouse liver cancers of
different etiologies and represents a potential biomarker in

human HCC.

e KIF23 identified as a specific target mediating the biological

effects of miR-107.

e The miR-107/KIF23 module promotes replicative fitness of
liver cancer cells through an essential function

in cytokinesis.

e Mice treated with a shRNA targeting Kif23 were completely
protected from oncogene-induced liver can-

cer development.

https://doi.org/10.1016/j.jhep.2024.08.025

Impact and implications

Our study revealed the central role of the miR-107/KIF23 axis in
controlling tumor cell fitness and hepatocellular carcinoma
progression. The results demonstrate that the overexpression
of miR-107 or silencing of its target, KIF23, markedly sup-
presses the proliferation, survival, and motility of human and
mouse hepatoma cells. In this work, we demonstrate that the
disruption of miR-107/Kif23 signaling effectively protects mice
from an aggressive form of oncogene-induced liver cancer
in vivo, implying that targeting miR-107/KIF23 might be a novel
therapeutic approach for hepatocellular carcinoma in humans.

© 2024 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). J. Hepatol. 2025, 82, 499-511
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Background & Aims: In hepatocellular carcinoma (HCC), successful translation of experimental targets identified in mouse
models to human patients has proven challenging. In this study, we used a comprehensive transcriptomic approach in mice to
identify novel potential targets for therapeutic intervention in humans.

Methods: We analyzed combined genome-wide miRNA and mRNA expression data in three pathogenically distinct mouse
models of liver cancer. Effects of target genes on hepatoma cell fithess were evaluated by proliferation, survival and motility
assays. TCGA and GEO databases, in combination with tissue microarrays, were used to validate the mouse targets and their
impact on human HCC prognosis. Finally, the functional effects of the identified targets on tumorigenesis and tumor therapy were
tested in hydrodynamic tail vein injection-based preclinical HCC models in vivo.

Results: The expression of miR-107 was found to be significantly reduced in mouse models of liver tumors of various etiologies
and in cohorts of humans with HCC. Overexpression of miR-107 or inhibition of its novel target kinesin family member 23 (Kif23)
significantly reduced proliferation by interfering with cytokinesis, thereby controlling survival and motility of mouse and human
hepatoma cells. In humans, KIF23 expression was found to be a prognostic marker in liver cancer, with high expression asso-
ciated with poor prognosis. Hydrodynamic tail vein injection of vectors carrying either pre-miR-107 or anti-Kif23 shRNA inhibited
the development of highly aggressive c-Myc-NRAS-induced liver cancers in mice.

Conclusions: Disruption of the miR-107/Kif23 axis inhibited hepatoma cell proliferation in vitro and prevented oncogene-induced
liver cancer development in vivo, offering a novel potential avenue for the treatment of HCC in humans.

© 2024 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction experimental findings in HCC model systems and their successful
translation into a clinical context.

MicroRNAs (miRNAs) are key epigenetic regulators of the
transcriptome, whose dysregulation has been linked to the con-
trol of several oncogenic hallmarks.” Although a large and
growing body of literature indicates that dysregulation of miRNA
expression plays an important role in hepatocarcinogenesis,® the
success of translating miRNA-centered animal studies into clin-
ical trials in humans has been hampered by an inadequate ability
to predict the human response to treatment. HCC in humans is
characterized by wide inter- and intra-tumor heterogeneity.’
Since individual animal models can reflect only some molecular
aspects of human HCC pathogenesis, it is currently unclear which
animal model of liver cancer is best suited for studying molecular

Hepatocellular carcinoma (HCC) represents the most common
type of primary liver cancer.! Despite recent advances in the
systemic treatment of advanced HCC through immune check-
point inhibition,>* long-term survival remains limited in most pa-
tients.* In many non-oncological but also certain oncological
diseases, it has been suggested that not a single treatment but the
combined targeting of various vulnerable disease mechanisms
could lead to a decisive breakthrough.” In the case of HCC, for
example, this could lie in the synchronous or staggered combi-
nation of immunotherapies with the targeting of other vulnerable
disease mediators.® The basis for such innovative concepts
would be the identification of new targets with relevance in human
patients. However, a large gap still exists between the amount of
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mechanisms of significant relevance to humans. miRNAs, while
not directly functional mediators, regulate cellular physiology by
fine-tuning gene expression within larger regulatory networks.'®
Their analysis may therefore reveal potential therapeutic targets.
To identify dysregulated miRNA networks relevant to human liver
cancer development, systems biology approaches were used to
analyze and correlate the miRnome and transcriptome in mouse
models of liver cancer.'’ In the present study, we combined in
silico prediction with comprehensive miRNA and mRNA tran-
scriptomic analysis and identified miR-107 as globally down-
regulated in HCC. We found that miR-107 controls the migration
and invasion of liver cancer cells through the fine-tuning of kinesin
family member 23 (KIF23), a spindle-associated motor protein
critical for cytokinesis, ' representing a promising biomarker and
therapeutic target in human HCC.

Materials and methods

Data retrieval from the GEO repository and analysis

The miRNA and mRNA profiling data in animal models of liver
cancer were retrieved from the GEO (Gene Expression
Omnibus)'® under the super-series accession number
GSE102418. This super-series is composed of the following
sub-series: GSE102416, which contains the raw data from the
analysis of miRNA expression, and GSE102417 that contains
the CEL files from the Affymetrix microarray. CEL files were
analyzed using the comprehensive transcriptome analysis
software AltAnalyze version 2.1.3,'* with a fold-change cut-off
of 22 and a p £0.05. For the purpose of this analysis, arrays
from mice treated with diethylnitrosamine (DEN), transgenic
overexpression of lymphotoxin (AlbLTo/f) and Tet-O-Myc were
grouped as normal, non-tumor liver (NTL) and tumor liver,
regardless of pathogenesis. Enrichment analysis was per-
formed with ShinyGO'® by uploading a list of significantly
upregulated genes, which were predicted to be miR-107 tar-
gets by miRWalk'® target prediction database. The Dis-
ease.Jensen.DISEASES database, which is linked to the
ShinyGO platform, was used to identify diseases associated
with miR-107 predicted targets upregulated in the tumor tis-
sues of the three mouse models of HCC, based on adjusted p
values. Intersections between the microarray data and the
miRWalk-generated list of miR-107 predicted targets were
identified using the Venny Venn diagram (https://bioinfogp.cnb.
csic.es/tools/vennyy/).

Human liver samples

Different cohorts of resected liver samples from patients with
HCC were analyzed in this study. Table S1A: Unpaired cohort,
consisting of unpaired tumor and healthy tissue from different
donors (n = 7 per group; previously described in'"). Table S1B:
Paired cohort, consisting of paired tumor and distal healthy
tissue from the same donors (n = 9). Table S1C: Tissue
microarray (TMA) cohort, including tumor and surrounding liver
tissue from the same donors (n = 62).

Liver TMA

The liver TMA containing non-tumorous and tumor liver tissues
from patients with HCC (Table S1C) was constructed as pre-
viously described,'® using liver samples provided by the Insti-
tute of Pathology, RWTH Aachen. Immunohistochemistry was
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performed on 3 pm sections. Antigen retrieval was carried out
using citrate buffer solution pH 6 (Dako, Glostrup, Denmark).
Detection was performed using the EnVision method (Dako)
and counterstaining was done with hemalum solution. Staining
was assessed using the immunoreactive score as previously
described'®: Primary antibody used to stain the TMAs: anti-
KIF23 (1:100, Abcam Cambridge, MA, USA, ab174304). TMA
scoring: 0, absent; 1-4, weak; 5-8, moderate; 9-12,
strong expression.

Ethics approval

The relevant official authority for animal protection (Landesamt
fUr Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
Recklinghausen, Germany) approved this study (reference
number 84-02.04.2011.A133). Animals received care according
to the German animal welfare act. Animal experiments included
in this study were carried out in compliance with the Act No
246/1992 Coll. The Ethics Committees of the Medical Faculties
of Dusseldorf (vote number 2022-1848 and 2017-4664) and
RWTH Aachen (vote number EK206/09) approved the use of
human HCC tissue samples in accordance with the ethical
guidelines of the Declaration of Helsinki. All patients included
into the study provided written informed consent. The TMA was
prepared with liver tissues provided by the Institute of Pathol-
ogy, RWTH Aachen, and their use was approved by the local
ethics committee in accordance with the Declaration of Helsinki
(vote number EK122/16).

Analyses of TCGA data and Kaplan-Meier survival curves

Some of the results shown in this study are based upon data
generated by The Cancer Genome Atlas (TCGA) Research
Network: https://www.cancer.gov/tcga (accessed on 7th of
April 2023). Kaplan-Meier survival curves of patients with
liver hepatocellular carcinoma (LIHC) for the selected
genes were generated using the Kaplan-Meier plotter.?® A
multivariate analysis using Cox proportional hazards regres-
sion was performed on the survival curves of miR-107 and
KIF23 in patients with LIHC using cSurvival.?’

Statistical analysis and imaging software

Statistical analyses were carried out using GraphPad Prism
(version 9.4.1). To evaluate whether samples were normally
distributed, the D’Agostino and Pearson normality tests were
carried out. When the sample distribution passed the normality
test, then parametric tests were carried out (i.e., one-way
analysis of variance/ANOVA for three or more samples and a
two-tailed t test for two samples). In cases in which the sam-
ples did not pass the normality test, non-parametric tests were
applied (i.e., the Kruskal-Wallis test for three or more samples
and the Mann-Whitney test for two samples). Paired samples
were analyzed using the Wilcoxon signed-rank test. The data
were considered significant at a p value <0.05. Images were
prepared using Affinity Designer (version 2.5.0). Data were
analyzed using GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA, Version 9.4.1).

Additional methods

The supplementary materials and methods section provides in-
formation on additional methods used to prepare, culture, treat,
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and analyze both primary cells and cell lines. This section also
includes detailed methods used to perform transfection, RNA
and protein isolation, cDNA synthesis, reverse-transcription
quantitative PCR, and western blotting. Additional information
is also available in the supplementary CTAT table.

Results

miR-107 is downregulated in mouse and human
liver cancer

We analyzed genome-wide data on miRNA expression in liver
cancers of mice from three prototypical models for liver cancer
formation (DEN as a model of genotoxic hepatocarcinogenesis;
AIbLTa/B as an inflammatory HCC model; and the oncogene-
driven c-Myc model [Tet-O-Myc mice])."" This analysis
revealed a common downregulation of miR-107 whose function
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in hepatocarcinogenesis was not known (Fig. 1A). First, we
measured and validated the downregulation of miR-107
expression in the livers of the three mouse models used in
the genome-wide analysis (Fig. 1B,C). We also corroborated
these results by measuring the expression of miR-107 in the
tumor tissue of other well-established mouse genetic models of
liver cancer (namely: Tak1-PCKO 2223 pg|-qahep 24 pgr2/-2°
and Traf2/Ripk1-"¢K926 mjce; Fig. 1D), and found that miR-
107 was significantly downregulated in the tumors of all these
respective animal models of HCC that we had analyzed.

We next assessed miR-107 levels in various mouse (Hepa 1-
6, Hepalc1c7) and human (Huh-7, HepG2) hepatoma cell lines
and compared them to the expression in normal mouse and
human livers, respectively. Consistent with the findings in
murine liver cancer models, we observed a significant down-
regulation of miR-107 in both mouse Hepalc1c7 and human
Huh-7 hepatoma cell lines when compared to their respective
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Fig. 1. miR-107 is globally downregulated in etiologically unrelated mouse model of liver cancer and in human. (A) Systems biology was employed to globally
identify miRNAs that were downregulated in the tumor tissues of three etiologically distinct mouse models of liver cancer: DEN, AlbLTa/f, and Tet-O-Myc. (B) RMA-

normalized microarray data for the expression of pre-miR-107 in the healthy (n = 9),

NTL (n = 13) and tumor liver tissue (n = 13) from the mice included in this study. (C)

RT-gPCR validation of miR-107 expression in the individual DEN (untreated, n = 6; NTL, n = 5; tumor, n = 5), AlbLTa/f (untreated, n = 4; NTL, n = 4; tumor, n = 4), and
Tet-O-Myc (untreated, n = 4; NTL, n = 4; tumor, n = 4) models of liver cancer. (D) RT-qPCR analysis of miR-107 in four different genetic HCC mouse tumor models: Mcl-
140P (n = 5), TAK1-KO (n = 11), TRAF2-RIPK1-KO (n = 7), Mdr2-KO (n = 7) compared to either NTL or WT mice. (E) RT-gPCR of miR-107 expression in hormal mouse
(n =5) and human (n = 3) livers and in mouse (Hepa1-6; n = 5, Hepalc1c7; n = 5) and human hepatoma cells (Huh-7; n = 5, HepG2; n = 5, Hep3B; n = 5). (F) RT-qPCR of
miR-107 expression in cells isolated from the livers of WT mice and from human primary hepatocytes. Mouse liver cells n = 4 per cell type. Human normal livers n = 7,
PHHs n = 6. (G) Kaplan-Meier curves for the overall survival of patients with HCC plotted against time (months) based on miR-107 expression levels (TCGA-LIHC
cohort datasets; n = 372). Results are represented as mean + SD, significant differences were evaluated by using one-way ANOVA with Newman-Keuls post hoc test or
two-tailed, unpaired t test as appropriate. “p <0.05; **p <0.001; ***p <0.0001. DEN, diethylnitrosamine; HSCs, hepatic stellate cells; NTL, non-tumoral liver; PHHs,

primary human hepatocytes; SECs, sinusoidal endothelial cells; WT, wild-type.
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miR-107 regulates KIF23 to control tumor cell fitness in HCC

controls (Fig. 1E). To evaluate miR-107 expression levels in
different liver cell types, we analyzed primary hepatocytes,
hepatic stellate cells, sinusoidal endothelial cells, and Kupffer
cells from mouse livers. Notably, miR-107 expression was
significantly lower in hepatic stellate cells, Kupffer cells, and
sinusoidal endothelial cells compared to primary mouse he-
patocytes, suggesting that miR-107-mediated silencing of its
transcriptional network may play a specifically crucial role in
these respective cells (Fig. 1F, left panel). Notably, in accor-
dance with the measurement in the mouse, no significant dif-
ferences in mMiR-107 expression were observed in primary
human hepatocytes compared to normal human liver (Fig. 1F,
right panel). To further explore the possible correlation between
liver cancer development and miR-107 expression in humans,
we conducted an analysis using LIHC cohorts sourced from
"The Cancer Genome Atlas" (TCGA) database. By employing
Kaplan-Meier curves to assess patient survival, our study
revealed a significant association between decreased expres-
sion of miR-107 and a significantly shorter survival in patients
with HCC (Fig. 1G). These findings underscore the potential
significance of miR-107 in the progression of HCC in humans.
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miR-107 upregulation negatively impacts the replicative
fitness of human and mouse hepatoma cells

To unveil the functional role of miR-107 in liver cancer, we
assessed its impact on the oncogenic hallmarks of cancer cells,
such as cellular proliferation, survival, and motility. In human
Huh-7 hepatoma cells, we found that miR-107 overexpression
significantly inhibited the cells’ ability to proliferate and migrate,
ultimately reducing their overall survival (Fig. 2A-G). Specif-
ically, we found that increased levels of miR-107 impaired Huh-
7 colony formation (Fig. 2A), proliferation (Fig. 2B,C), cell death
(Fig. 2D), and motility (Fig. 2E-G). Overall, these results suggest
that elevated levels of miR-107 significantly reduce the overall
fitness of human hepatoma cells. These findings were
confirmed in human HepG2 (Fig. S1A-C) and in murine Hep-
alcic7? (Fig. S2A-G) hepatoma cells. Overexpression of miR-
107 in these cell lines resulted in comparable outcomes to
those observed in Huh-7 hepatoma cells, including similar ef-
fects on cellular proliferation, survival, and motility. These data
support the conclusion that, in addition to inhibiting cell pro-
liferation and inducing cell death, miR-107 overexpression in-
hibits the migration and invasion capabilities of hepatoma cells.
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Fig. 2. miR-107 upregulation negatively impacts the fitness of human hepatoma cells. Huh7 cells were transfected with either miR-107 mimic or control miRNA
and the effect of miR-107 upregulation on cancer hallmark of hepatoma cells was assessed by (A) colony formation assay (n = 4), (B) Ki-67 staining (n = 5), (C) BrdU
proliferation assay (n = 5), (D) while Huh-7 viability was measured by TUNEL assay (n = 5). Transwell migration assay (E) or Transwell coated with Matrigel invasion
assay (F) for Hepalc1c7 cells was determined after transfection with miR-107 mimic or control miRNAs for 72 h (n = 3). (G) Wound-healing assay was performed on
Huh? cells transfected with miR-107 mimic and wound closure was monitored over the indicated time post-transfection after treatment with Mitomycin C for 2 h (n = 3).
Representative images are shown for the different experiments. Results are represented as mean + SD, significant differences were evaluated by using two-tailed,

unpaired t test. ("p <0.05; **p <0.01; **p <0.001).
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In silico prediction and integration with transcriptome data
identified the mitotic spindle associated protein Kif23 as a
downstream target of miR-107

To identify miR-107-responsive genes that may mediate its
effects on hepatocarcinogenesis, we analyzed transcriptomic
data from the livers of the DEN, AlbLTo/B, and Tet-O-Myc
models (GSE102417;"") (see supplementary materials and
methods). This led to the identification of 60 genes significantly
upregulated in tumor tissue compared to both control and NTL
tissues (Fig. 3A,Table S2A). We then cross-referenced
these genes with the predicted miR-107 targets from the
miRWalk target prediction algorithm,'® generating a list of 23
putative miR-107 targets (Table S2B). Next, we uploaded this
respective gene list into distinct gene set-enrichment tools (i.e.,
g:Profiler’” and ShinyGo'®) and performed gene set-
enrichment analyses (GSEAs). The GSEA results showed that
the miR-107 putative target genes had good enrichment scores
and reached significance in cell cycle- and mitotic spindle-
associated pathways (Fig. 3B and S3A). Additionally, the Dis-
ease.Jensen.DISEASES database, which is linked to the Shi-
nyGO platform, revealed that HCC was the primary disease
pathway affected by the predicted miR-107 targets (Fig. S3B),
further underlining the pathophysiological role of miR-107 in
human hepatocarcinogenesis.

To focus on the most promising candidates, the six most
significantly enriched genes in the GSEA were selected for
further testing: Kif23, Aurkb (aurora kinase B), Prc1 (polycomb
repressive complex 1), Ttk (monopolar spindle 1), Anin (anillin),
and Nuf2 (nuclear filament-containing protein 2). To assess
their relevance in humans, we analyzed the TCGA-LIHC cohort
and performed individual Kaplan-Meier analyses to predict
overall patient survival for each gene (Fig. S3C). This respective
analysis revealed a negative correlation between the expres-
sion level of all these respective genes with patient survival,
suggesting a prognostic value of KIF23, AURKB, PRC1, TTK,
ANLN, and NUF2 in human liver cancer. Additionally, analyses
of independent cohorts obtained from the GEO (GSE6764; °5;
Fig. S3D) showed the significant upregulation for KIF23,
AURKB, TTK, ANLN, and NUF2, in the livers of patients with
advanced and very advanced HCC, underlining their potential
role in human hepatocarcinogenesis.

To further investigate the potential association between
these respective genes and human liver cancer, correlations
between gene expression and clinical parameters were
analyzed using data from TCGA-LIHC cohort (Table S3A). While
gene expression was significantly higher in tumors compared
to control samples, no significant differences were found be-
tween different tumor stages (Fig. S4A). Furthermore, no sig-
nificant correlation was found between any of these genes and
alpha-fetoprotein, bilirubin, serum albumin, or creatinine
(Fig. S4B-E), suggesting that these genes are upregulated in
tumors but do not correlate with liver function markers or dis-
ease severity.

We next used the TargetScan algorithm®® to perform a
conservation analysis of miR-107 responsive elements in the
3’untranslated regions (3’-UTRs) of Kif23, Aurkb, Ttk, Anin, and
Nuf2. Remarkably, among the five remaining candidates, only
the 3’-UTR of Kif23 was found to contain a conserved miR-107
responsive elements for miR-107 across multiple species
(Fig. 38C). KIF23 is a spindle-associated kinesin crucial for
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cytokinesis'? and is found upregulated in several human ma-
lignancies, including colorectal cancer,®° pancreatic,®' ovarian
cancers,®® and HCC.*® We therefore measured Kif23 levels in
the three mouse models of HCC used in the transcriptomic
analysis (i.e., DEN, AIbLTo/B, and Tet-O-Myc HCC models),
and confirmed that Kif23 was significantly upregulated in the
tumor tissues of all models, but not in the NTL tissue
(Fig. S5A,B). We also measured its expression in other well-
established murine liver cancer models (namely: Tak1-"¢
K022 |kk2/Casp8-FCHKO 34 Nemo/Ripk3-"CKO 2 Trafo/
Casp8-FCKO3S and Traf2/Ripk1-P°%92%) and found it to be
significantly upregulated in all these respective HCC models
(Fig. S5C). Finally, we analyzed KIF23 expression in different
human hepatoma cell lines at the mRNA level (i.e., Huh-7,
HepG2, and Hep3B) and found it to be significantly upregu-
lated (Fig. S5D), confirming a common upregulation of KIF23
expression in both murine and human liver cancer cells.

KIF23 is a direct target of miR-107 and promotes replicative
fithess of liver cancer cells

To examine the subcellular localization of KIF23 in hepatoma
cells, we performed immunofluorescence analysis with an anti-
KIF23 antibody on Huh-7 cells. We found that KIF23 is localized
in the nucleus during interphase, relocates to the area of the
microtubule-organizing center of the mitotic spindle in dividing
cells, and is mainly present in the spindle midzone during
anaphase (Fig. 4A), where it is known to be required for the
assembly of the myosin contractile ring.12 To further assess
KIF23’s role in cytokinesis, we silenced KIF23 expression using
RNA interference and observed abnormal cell division charac-
terized by a significant increase in polyploidy in both Huh-7
(Fig. 4B) and HepG2 (Fig. S1D) hepatoma cells.

To further confirm the potential interaction between miR-107
and KIF23, we transfected Huh-7 cells with a GFP vector
encoding human miR-107 (Fig. 4C), which resulted in a signif-
icant downregulation of KIF23 at both RNA (Fig. 4D) and protein
(Fig. 4E) levels. These findings suggested that miR-107 regu-
lates, directly or indirectly, the expression of KIF23. To deter-
mine the mechanism through which miR-107 regulates KIF23
expression, the full-length 3’-UTRs of human and mouse KIF23
were cloned downstream of a luciferase reporter gene, either in
the original (wild-type) or complementary reverse orientation (as
described in®%). Upon co-transfection of these constructs with
miR-107 mimics into Huh-7 cells, a reduction in luciferase ac-
tivity was observed specifically in the constructs carrying
KIF23-3'UTRs in the native (i.e., WT) orientation. In contrast, no
such reduction was seen in the constructs carrying the 3’'UTRs
in the complementary reverse orientation (Fig. 4F), further
supporting the hypothesis that miR-107 directly regulates the
expression of KIF23 in both humans and mice.

Next, the functional activity of KIF23 silencing on cellular
proliferation and survival was investigated. Consistent with the
phenotype observed in response to miR-107 overexpression,
small-interfering RNA (siRNA)-mediated inhibition of KIF23 in
Huh-7 cells (Fig. 4G) led to a substantial decrease in cellular
proliferation, as shown by colony formation (Fig. 4H) and Ki-67
assays (Fig. 4l), and to a significant increase in the number of
TUNEL-positive cells (Fig. 4L). Notably KIF23-silencing in
HepG2 cells produced comparable results (Fig. STA-C). In line
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HCC, hepatocellular carcinoma; NTL, non-tumor liver.
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Fig. 4. KIF23 silencing leads to incomplete cytokinesis and impairs survival of cancer cells. (A) Representative images showing KIF23 localization at the different
stages of cell cycle (Interphase, Prophase, Metaphase, Anaphase and Telophase) in Huh-7 human hepatoma cells. (B) Both siRNA-mediated silencing of KIF23 and
miRNA mimic-induced overexpression of miR-107 were found to impair cytokinesis, leading to cell division defects and an increase in multinucleated cells, as indicated
by a significant increase in the cell to nuclei ratio. The number of nuclei and cells were automatically counted using built-in plugins in ImageJ (n = 5) (C) In Huh-7 cells
transfected with a GFP vector encoding for miR-107 (pEGFP-hs-107) a significant reduction of KIF23 at (D) mRNA and (E) protein levels was observed. (F) The full-
length 3’'UTRs for the mouse and human KIF23 were cloned into luciferase promoter vector in the sense or in the antisense orientation (SCR). As positive and negative
controls, the miR-107 binding site obtained from miRBase was cloned into the 3’'UTR of the pMIR vector in either its sense (miR-107, positive control) or antisense
(miR-107-SCR, negative control) orientation. Plasmids were transfected into HEK293 cells in the presence or absence of miR-107 mimic and luciferase activity was
measured 24 h post-transfection. Relative luciferase activities are shown as percentage of the miR-107 plasmid as transfection control (n = 4). (G) Huh-7 cells were
transfected with either control-siRNA, anti-KIF23 siRNA (siKIF23) or miR-107-mimics and the effect on KIF23 was evaluated by western blot. Effect of KIF23 silencing
on Huh-7 fitness was assessed by (H) colony formation assay (n = 4), while Huh-7 proliferation and viability were respectively assessed by (|) Ki-67 staining (n = 5) and
(J) TUNEL assay (n = 5). Results are represented as mean + SD, significant differences were evaluated using one-way ANOVA with Newman-Keuls post hoc test or
using two-tailed, unpaired t test as appropriate. “p <0.05; **p <0.01; **p <0.001.

with these results, overexpression of KIF23 was able to rescue
proliferative fitness in both Huh-7 (Fig. S6A-C) and HepG2
(Fig. S6D-F) cells transfected with either anti-KIF23 siRNA or
miR-107 mimics, indicating that KIF23 is a key functional
mediator of miR-107 and that upregulation of KIF23 is required
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to support the observed changes in hepatoma cell proliferation
and survival. To provide further evidence for a collaborative
function of these genes in hepatocarcinogenesis, we analyzed
miR-107 and KIF23 expression levels in RNA isolated from
human tissues obtained from resected livers in which the tumor
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and healthy distal tissues were either from different patients
(i.e., unpaired; Fig. 5A, Table S1A) or from the same patient (i.e.,
paired; Fig. 5B and S7B, Table S1B). This analysis confirmed
that miR-107 was significantly downregulated and KIF23 was
significantly upregulated in the livers of patients with HCC.
Finally, in order to explore the functional relationship between
miR-107 and KIF23 in patient survival, a Cox proportional
hazards analysis was performed on the sequencing and sur-
vival data from TCGA-LIHC cohort. This analysis showed that
patients with both higher miR-107 expression and lower KIF23
expression had significantly higher overall survival compared to
other combinations. Conversely, the lowest overall survival was
observed in patients with low miR-107/high KIF23 expression
in their liver (Fig. 5C).

We also tested whether there was an association between
the dysregulation of the miR-107/KIF23 axis and the liver dis-
ease entity underlying hepatocarcinogenesis using data avail-
able in the TCGA-LIHC cohort. For this purpose, miR-107 and
KIF23 expression levels were stratified by viral vs. non-viral
hepatitis (Fig. S7A, left panel, and Table S3A) or by alcohol-
related vs. non-alcohol-related metabolic liver disease
(Fig. S7A, right panel, and Table S3A), depending on the
available data. Notably, no significant entity-specific regulation
pattern of miR-107 or KIF23 was identified in this analysis.

KIF23 nuclear localization is increased in human
HCC tissue

Our data suggested that KIF23 is a key functional mediator of
miR-107 in both murine and human HCC by supporting can-
cer cell fitness. To determine whether the increase in mRNA
corresponded to an increase in protein levels in human HCC
and to assess potential differences in the subcellular locali-
zation of KIF23, KIF23 was analyzed in TMAs containing cores
from the livers of 62 different patients with HCC."® For the
assessment of KIF23 levels, TMAs were stained with an anti-
KIF23 antibody, and the score was calculated based on KIF23
localization and signal intensity in the tumor tissue (HCC;
Fig. 5D; as described in'®) and in the surrounding liver (Fig. 5E
and Table S4). This analysis revealed a significant increase in
KIF23 expression within the nuclei of the cells localized
within the tumor compared to non-tumor tissues (Fig. 5F),
providing further evidence that KIF23 plays a role in hu-
man hepatocarcinogenesis.

To further explore regulatory relationships between miR-107/
KIF23 and genes controlling pathways known to promote cancer
growth, Pearson correlation analysis was used to evaluate po-
tential associations between miR-107/KIF23 on one hand and
TP53 (tumor protein p53), MYC (MYC proto-oncogene), NRAS
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Fig. 5. KIF23 is upregulated in tumor tissues compared to surrounding NTL tissues in patients with HCC. Independent validation of HCC-associated changes in
miR-107 and KIF23 expression levels. miR-107 and KIF23 were analyzed by RT-gPCR in both tumor (HCC) and NTL tissues from two different cohorts of (A) unpaired
(NTL, n = 7; HCC, n = 7) and (B) paired (n = 9) patients. (C) Cox proportional hazards analysis was performed to evaluate the combined effect of miR-107 and KIF23
expression levels on the overall survival of the cohort of patients with HCC from TCGA repository. The analysis revealed that patients with higher expression of miR-107
and lower expression of KIF23 had the highest probability of survival (p = 0.003). Representative images of TMAs prepared with cores of livers of human patients with
HCC from (D) tumor tissue and (E) surrounding liver. KIF23 was detected in both the cytosol and nuclei of liver cells. (F) Higher hepatocyte-specific nuclear KIF23
expression (white arrow) was detected in the HCCs compared to the surrounding normal liver tissues, which instead showed mainly sinusoidal expression of KIF23
(grey arrow). Some HCCs displayed KIF23 luminal staining (dashed arrow), barely observed in surrounding liver. Weak expression of cytoplasmatic KIF23 was seen in
both liver tissue types, without significant differences. Results are represented as mean + SD, significant differences between paired and unpaired samples were
evaluated by using two-tailed, unpaired t tests. Survival curves for miR-107 and KIF23 were compared using the Wilcoxon signed-rank test (n.s. = not significant; *p

<0.05; **p £0.01). HCC, hepatocellular carcinoma; NTL, non-tumor liver.
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(neuroblastoma RAS), AKT1 (AKT serine/threonine kinase 1),
SMAD4 (mothers against decapentaplegic homolog 4), and
TGF-B1 (transforming growth factor beta 1) on the other. While
miR-107 showed no significant correlations, KIF23 levels
showed a significant positive correlation with the expression of
the respective genes (Fig. S7C, Table S3B).

Targeting the miR-107/KIF23 axis inhibits oncogene-
induced liver cancer formation

Given the pronounced impact of miR-107 and its target Kif23
on fundamental biological characteristics of liver cancer cells,
we investigated whether manipulating their expression could
affect the progression and proliferation of liver cancer in a
preclinical HCC model. To induce liver cancer in mice, we
employed hydrodynamic tail vein injection (HDTVi) to admin-
ister a transposon vector (CaMINmMES5’) encoding the c-Myc/
NRAS oncogenes (which was shown to give rise to highly
aggressive HCCs®') in the presence of either a short-hairpin
RNA (shRNA) targeting KIF23, a pre-miR-107, or a miR-30e
backbone as negative control (miRE). For this, the SplashRNA
algorithm®® was used to design three distinct shRNAs targeting
various regions of murine Kif23 cDNA, which were then cloned
into the RT3GEPIR entry vector.*® Vectors carrying the shRNAs
and the pre-miR-107 were transfected into murine Hepal-6
hepatoma cells, and their efficacy in targeting Kif23 was
assessed by western blot (Fig. S8A,B). The most efficient
shRNA in targeting Kif23 (shKif23-675), pre-miR-107, and the
miRE were cloned into the CaMINmME5’ vector as previously
described.'! The resulting constructs were co-injected with a

A

UNTR

camiN-pre107

Research Article

vector expressing the transposase into the tail veins of 7-week-
old male C57BL/6j mice using HDTVi. Animals were euthanized
6 weeks after injection, and their livers were examined for tu-
mor presence.

As expected, no tumors were detected in the livers of un-
treated animals at either the macroscopic or microscopic level
(Fig. 6A, S9A and S10A). Conversely, HDTVi of the c-Myc/
NRAS oncogene in combination with the control miRNA
(camiM-miRE) led to the development of large tumors with
morphological features of HCC (Fig. 6B, S9B and S10B).
Notably, this corresponded to a significant increase in the liver-
to-body weight ratio for this group of animals, which is a
quantitative surrogate for both tumor mass and tumor devel-
opment (Fig. S11A, Table S5A). Furthermore, the effect of the
different HDTVi-injected transposonal vectors on liver cancer
development was confirmed both by the measurements of AST
(aspartate aminotransferase) and ALT (alanine aminotrans-
ferase) and by the quantification of c-Myc, NRAS, KIF23 and
miR-107 (Fig. S11B,C, Table S5B).

Notably, while the macroscopic examination of the livers of
animals administered with the vector encoding for c-Myc/
NRAS in combination with miR-107 (camiN-pre107) did not
reveal any apparent tumors (Fig. 6C upper panel and S9C),
histological analysis of these livers uncovered well-defined
masses of basophilic cells, indicative of early tumor develop-
ment (Fig. 6C lower panel and S10C). Finally, mice injected with
vectors carrying the oncogene in combination with anti-Kif23
shRNA (shKif23-675) were completely tumor-free both macro-
scopically and microscopically (Fig. 6D, S9D, and
S10D, Table S6).

B

camiN-miRE

camiN-shKif23-675

Fig. 6. Targeting the miR-107/Kif23 axis prevents the formation of oncogene-induced liver cancer. Representative macroscopic images (top panels) and
microscopic images (lower panels) of the tumor burden in the livers of control untreated mice (UNTR; A) and in the livers of mice 6 weeks after HDTVi-mediated
administration of transposonal vectors carrying the c-Myc/NRAS oncogenes, in conjunction with either the control miRNA (camiN-miRE; B), the pre-miR-107
(camiN-pre-107; C), or the anti-Kif23 shRNA (camiN-shKif23-675; D), are presented. Tumors were exclusively visible in the macroscopic pictures of the livers from
camiN-miRE animals. However, microscopic images revealed the presence of liver cancer in animals injected with both the camiN-miRE and camiN-pre107 vectors
(black arrows). In contrast, the livers of camiN-shKif23-675-injected animals remained tumor-free in both macroscopic and microscopic images. Notably, a small
number of atypical cells were detected in the livers of camiN-shKif23-675-injected animals (grey arrows). Microscopic images were captured at 20x magnification.

UNTR, untreated animals.
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Finally, to assess the impact of miR-107 overexpression and
KIF23 silencing on the immune cell landscape of the liver, tis-
sue sections were stained with antibodies against F40/80
(macrophages), B220 (B cells) and CD3 (T cells). Of these,
macrophages were found to be significantly reduced in the
livers of animals injected with either camiN-miRE or camiN-
pre107, but not in the livers of animals injected with camiN-
shKif23-675 (Fig. 7A,B). B220 staining revealed a significant
increase in infiltrating B cells exclusively in the livers of mice
injected with the camiN-miRE vector (Fig. 7C,D), while the
spatial distribution and number of T cells remained essentially
unchanged (Fig. S12). While the functional role of immune cells
in the mediation of the phenotype is not fully clear at present,
these results indicate that the functions of macrophages/
monocytes in the liver could be altered by a possible uptake of
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camiN-pre107

camiN-
shKif23-675

Macrophages
5,000 *

*
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the vectors. However, based on the functional data in hepa-
toma cells and the high expression in hepatocytes vs. other cell
types in the liver, it is likely that the phenotype observed in our
models was mediated through direct effects on tumor cells
rather than on immune cells.

Discussion

There has been significant progress in the systemic treatment
of HCC in recent years.*® However, this was mainly the result of
newly established concepts in other tumors, namely immuno-
therapy, being transferred successfully to HCC in clinical tri-
als.?® Meanwhile, a large amount of data has been collected in
experimental mouse models and has revealed new, promising
targets that have not yet been successfully tested in early
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Fig. 7. F4/80 and B220 staining of liver tissue from HDTVi and control mice. (A) F4/80 staining did not show altered inflammation in the livers of UNTR and mice
injected with the transposonal vectors carrying the c-Myc/NRAS oncogenes anti-Kif23 shRNA (camiN-shKif23). A significant reduction in the number of macrophages
was detected in the livers of mice 6 weeks after the HDTVi-mediated administration of transposonal vectors carrying the c-Myc/NRAS oncogenes in combination with
either the control miRNA (camiN-miRE) or the pre-miR-107 (camiN-pre-107). The left panel shows representative images at different magnification. (B) Quantification of
F4/80 signals. (C) B220 staining altered inflammation/distribution pattern in the livers of any of the animals included in the study. (D) Quantification of B220 positive
cells. Results are represented as mean + SD, significant differences were evaluated by using 1-way ANOVA with Newman-Keuls post hoc test (*p <0.05; *p <0.01).
camiN-miRE, animals injected the vectors encoding for the c-Myc/NRAS oncogenes and control miRNA; camiN-pre-107, animals injected with the vectors encoding
for pre-miR-107; camiN-shKif23-675, animals injected with the oncogenes and anti-Kif23 shRNA; UNTR, untreated animals.
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Fig. 8. Proposed model for the role of mir-107/KIF23 axis deregulation in
liver cancer. Proposed model for the regulation of the miR-107/KIF23 axis in liver
cancer. We propose that miR-107 levels are downregulated in CLDs and in pre-
malignant and malignant cells due to deregulation of P53, a known upstream
regulator of Pank1/miR-107 transcription, or activation/inhibition of yet to be
identified signaling pathways that modulate miR-107 biogenesis. This down-
regulation leads to the upregulation of miR-107 targets, including KIF23, whose
expression is activated by tumor-associated pathways. Although KIF23 is not
classified as an oncogene, it supports cell division by promoting cytokinesis. This
enhances the fitness of cancer cells, leading to a significant increase in prolif-
eration and migration, and indirectly reducing cell death. Thus, the dysregulation
of the miR-107/KIF23 axis plays a critical role in promoting tumor cell fitness,
thereby exacerbating HCC progression and pathogenesis. CLDs, chronic liver
diseases; HCC, hepatocellular carcinoma.
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clinical trials. One possible reason for this massive translational
gap could be the limitations inherent in the transfer of data from
individual mouse models with their specific limitations.*'**2 In
our current approach, we could systematically increase the
probability of successful translation by integrating several
pathogenically different mouse models and thus identifying a
signaling pathway that is highly relevant as a biomarker and
potential target in human HCC.

Our data identified miR-107 as a master regulator of liver
cancer cell fithess by controlling cytokinesis of tumor cells
though Kif23 (Figs 4F and 6). Of note, miR-107 expression has
been implicated in various human cancers, but data were
conflicting regarding a tumor-suppressing vs. tumor-promoting
effect.***> Also in liver cancer, previous studies reported both
carcinogenic*® and tumor-suppressive effects of miR-107.%7:48
We found that lower miR-107 expression correlated with
enhanced fitness of human and mouse hepatoma cells and
significantly lower survival in patients with HCC.

We sought to identify miR-107-regulated genes that act as
functional mediators of its activity in supporting the fitness of
cancer cells. Through comprehensive approaches combining
system biology and experimental validation, we identified
KIF23, a spindle-associated microtubule motor protein, as a
novel direct target of miR-107. KIF23 is a key component of the
centralspindlin complex, which is required for central spindle
assembly and cytokinesis.*® KIF23 plays a crucial role in cell
division, particularly during mitosis, where it is required for the
formation of the contractile ring and the subsequent cleavage
of the cell membrane of the two daughter cells. Regarding its
potential role in cancer, elevated KIF23 levels have been
observed in a number of human cancers, including HCC,*®
colorectal cancer,*® pancreatic ductal adenocarcinoma,®’ and
ovarian cancers,®® where high levels of KIF23 have been
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associated with poor prognosis. Although the precise mecha-
nisms through which KIF23 influences cancer development and
progression are not fully understood, it has been suggested
that KIF23 per se does not promote tumorigenesis or onco-
genic transformation. Therefore, we propose that KIF23 en-
hances tumor cell fithess by supporting cellular division, which
indirectly promotes tumor cell proliferation. Through our work,
we showed that high expression levels of KIF23 were associ-
ated with the malignant behavior of human hepatoma cells and
correlated with unfavorable clinical outcomes in cohorts of
patients with LIHC. Notably, through the analysis of TMA pre-
pared from the liver cores of patients with HCC, we could show
that KIF23 protein accumulates in the nuclei of tumor cells
compared to the nuclei of cells localized in the surrounding,
non-tumorigenic tissue, which might represent an important
feature when validating its potential role as a tissue-biomarker
in human HCC.

Recently, methods to inactivate spindle-associated kinesins
have been investigated because silencing specific members of
this class of motor proteins could provide an effective therapy
against cancer.®® However, despite promising in vitro data,
early clinical trials targeting the centromere protein E, or the
kinesin spindle protein (KSP/also known as Eg5) did not reflect
the positive preclinical findings.®'™>° These setbacks highlight
the need to explore alternative approaches and methods for
targeting this category of proteins. In this respect, our discov-
ery that shRNA-mediated silencing of Kif23 prevented c-Myc/
NRAS-induced liver cancer formation in vivo suggests that
Kif23 might be a promising new target.

It is interesting to note that — despite the complete absence
of macroscopic and microscopic tumors — some small ab-
normalities were detected in the histological analysis of livers
from those mice injected with anti-Kif23 shRNAs (Fig. 6D
lower panel and S10D). These abnormalities might represent
dysplastic foci containing a small number of atypical cells,
indicating that the oncogene-induced neoplastic process in
the cells receiving the transposon vectors was halted early,
hence preventing the formation of fully fledged lesions. These
dysplastic foci might be linked to the immune-mediated
clearance of pre-malignant senescent parenchymal cells.>*
Of note, silencing of Kif23 resulted in a “black-and-white”
phenotype in vivo, while overexpression of miR-107 did not
lead to a full rescue from tumor formation. miRNAs are known
to modulate, not fully inhibit their target genes. Notably, the
findings that KIF23 overexpression rescued the proliferative
fitness of both Huh-7 and HepG2 cells in vitro (Fig. S6) sup-
port the conclusion that KIF23 is one of the main mediators of
miR-107 activity in hepatoma cells. Hence, it is possible that
the overexpression of miR-107 is not sufficient to suppress
Kif23 to the level required to inhibit c-Myc/NRAS-mediated
tumor growth, resulting in a delay but not a complete inhibition
of tumor formation in vivo. Importantly, we cannot completely
exclude that other molecules may also mediate the function of
miR-107 in hepatocarcinogenesis. To fully elucidate this,
combined HDTVi experiments would be required to show
whether Kif23 overexpression can completely reverse the ef-
fect of miR-107 overexpression in vivo.

Prior research indicated potential risks associated with the
modulation of miR-107 in vivo. As such, the safety and toler-
ability of RG-125 (AZD4076), an RNA-based therapeutic spe-
cifically targeting miR-107 in vivo, was tested in phase I/lla trial
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settings in patients with type 2 diabetes and metabolic
dysfunction-associated steatohepatitis (MASH, a term recently
adopted to replace non-alcoholic steatohepatitis [or NASH]>),
based on preclinical findings suggesting a regulatory function
on insulin sensitivity.>® However, this study was terminated
(NCT02826525;°"), and an independent study demonstrated
that targeting miR-103/-107 might adversely affect cardiac
function and metabolism.*® This observation together with our
data suggests that silencing KIF23 rather than modulating
mirR-107 might be a more specific approach with less side

effects in vivo. It should be noted that the HDTVi method used
in this study is not suitable for delivering RNA therapeutics to
humans. Therefore, alternative delivery strategies, such as lipid
nanoparticles,” engineered extracellular vesicles,®® or conju-
gated siRNA,®" should be investigated for their efficacy in
delivering RNA therapeutics targeting KIF23 in vivo.

In summary, our study, as illustrated in Fig. 8, unveils the
crucial role played by the dysregulation of the miR-107/KIF23
axis in promoting tumor cell fitness and, thereby exacerbating
HCC pathogenesis.
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