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Abstract

Background and Aims: Identification of prognostic factors
for hepatocellular carcinoma (HCC) opens new perspectives
for therapy. Circulating and cellular onco-miRNAs are noncod-
ing RNAs which can control the expression of genes involved in
oncogenesis through post-transcriptional mechanisms. These
microRNAs (miRNAs) are considered novel prognostic and pre-
dictive factors in HCC. The apurinic/apyrimidinic endodeoxy-
ribonuclease 1 (APE1) contributes to the quality control and
processing of specific onco-miRNAs and is a negative prognos-
tic factor in several tumors. The present work aims to: a) de-
fine APE1 prognostic value in HCC; b) identify miRNAs regulat-
ed by APE1 and their relative target genes and c) study their
prognostic value. Methods: We used The Cancer Genome At-
las (commonly known as TCGA) data analysis to evaluate the
expression of APE1 in HCC. To identify differentially-expressed
miRNAs (DEmiRNAs) upon APE1 depletion through specific
small interfering RNA, we used NGS and nanostring approach-
es in the JHH-6 HCC tumor cell line. Bioinformatics analy-
ses were performed to identify signaling pathways involving
APE1-regulated miRNAs. Microarray analysis was performed
to identify miRNAs correlating with serum APE1 expression.
Results: APE1 is considerably overexpressed in HCC tissues
compared to normal liver, according to the TCGA-liver HCC
(known as LIHC) dataset. Enrichment analyses showed that
APE1-regulated miRNAs are implicated in signaling and meta-
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bolic pathways linked to cell proliferation, transformation, and
angiogenesis, identifying Cyclin Dependent Kinase 6 and Lyso-
somal Associated Membrane Protein 2 as targets. miR-33a-5p,
miR-769, and miR-877 are related to lower overall survival
in HCC patients. Through array profiling, we identified eight
circulating DE-miRNAs associated with APE1 overexpression.
A training phase identified positive association between sAPE1
and miR-3180-3p and miR-769. Conclusions: APE1 regulates
specific miRNAs having prognostic value in HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most common type
of liver cancer. Over 90% of HCC cases are associated with
chronic liver diseases.! Cirrhosis, along with hepatitis B vi-
rus or hepatitis C virus infections, is one of the major risk
factors in HCC.23 Other risk factors include alcohol con-
sumption, obesity-related nonalcoholic steatohepatitis, or
diabetes.! Different etiologies, along with genotoxic insults,
contribute to the pathogenesis of HCC,! and, currently, the
diagnosis with noninvasive methods is challenged by the lack
of molecular information. Although driver mutations for HCC
have been identified, involving for example Tumor Protein
P53 (TP53), Telomerase Reverse Transcriptase (TERT), and
Catenin Beta 1 (CTNNB1) genes,* these are still untreatable
and combination therapies are under investigation to im-
prove the efficacy of existing treatments./>

Genome instability resulting from dysfunctional DNA dam-
age response is a common characteristic of HCC, leading to
poor anticancer treatment efficacy and the development of
chemotherapy resistance mechanisms.®-8 Endogenous or
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exogenous agents, including chemotherapeutic drugs, can
determine alkylation or oxidative DNA damage, which is re-
paired by the base excision repair pathway.? The apurinic/
apyrimidinic endodeoxyribonuclease 1 (APE1) is the main AP-
endonuclease of base excision repair and it also plays non
canonical functions such as regulation of transcription factors,
monitoring redox homeostasis, and participating in the stabil-
ity and metabolism of RNAs, including micro microRNAs (miR-
NAs).10.11 APE1 overexpression is a predictive factor in many
tumor types including ovarian, lung, neurologic, and hepatic
cancers and it is often present in both nuclear and cytosol-
ic compartments. APE1 overexpression has been linked to
chemoresistance in non-small cell lung cancer and HCC.10:12

Several APE1 interactors contribute to the regulation of
its multifunctional activities, promoting chemoresistance, tu-
mor progression, and miRNA processing.13:14 Recently, we
and others found that the down-regulation of APE1 alters the
expression of certain miRNAs in osteosarcoma and lung can-
cer cells.13:15.16 Moreover, our laboratory identified APE1 as a
partner of Drosha during the processing of precursor forms
of oncomiR-221 and 222 in response to oxidative stress in
cervical cancer.13 This unexpected function may have impor-
tant implications due to the well-known role of miRNAs as
biomarkers, especially as circulating biomarkers. The partici-
pation of miRNAs in a broad range of cellular processes under
pathological conditions!” such as cell proliferation, differen-
tiation as well as tumorigenesis, metastasis, and chemore-
sistance, makes circulating miRNAs particularly attractive for
studies aiming to identify disease-related molecules having a
diagnostic or even a prognostic role.

In recent years, the extracellular release of APE1 has
opened up a new field of study on the biological functions
of this DNA repair enzyme in the extracellular compartment.
Serum APE1l (sAPE1l) has emerged as a biomarker for the
detection and prognosis of different cancers,!® as well as
for predicting lymph node metastasis.!® In the context of
non-small cell lung cancer, sAPE1 is considered a prognostic
factor, and its levels have been associated with worse pro-
gression-free survival.29 Our recent study has confirmed that
SAPE1 level is also a prognostic factor for HCC and can dis-
tinguish between cancer and cirrhotic patients.2! Moreover,
we have shown that APE1 is released through exosomes in
mammalian cell lines and that genotoxic stress promotes its
cellular secretion, providing new insights into its noncanoni-
cal functions and its contribution to tumor biology.22 In this
study, we identified novel miRNAs regulated by APE1 in HCC
and we investigated their prognostic value in this disease.

Methods

Study design

To identify miRNAs regulated by APE1 in HCC, the study was

organized as follows:

e In vitro discovery phase: The miRNome profiling was an-
alyzed in JHH-6 cells following the transient APE1 silenc-
ing to identify DEmiRNAs candidates.

e In vivo discovery phase: The comparison between the
serum miRNome profiling of patients with high sAPE1 vs.
patients with low sAPE1, was used to identify serum miR-
NAs associated with sAPE1 levels.

Cell lines used and transient transfections with small
interfering RNA (siRNA) and RNA extraction

JHH-6 hepatocarcinoma cells23 were grown in William’s me-
dium E (Sigma-Aldrich, St. Louis, MO, USA). Huh7 differenti-
ated hepatocytes derived from cellular carcinoma,?* HepG2
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differentiated hepatocellular carcinoma cells,25 and HCT-116
cells were grown in Dulbecco’s modified Eagle’s medium (Eu-
roClone, Milan, Italy). A549 cells were grown in RPMI me-
dium (Euroclone, Milan, Italy). All media were supplemented
with 10% fetal bovine serum (Euroclone), 2 mM L-glutamine
(Euroclone), 100 U/mL penicillin, and 100 mg/mL streptomy-
cin. Cells were negative for mycoplasma. The tests were per-
formed with N-GARDE Mycoplasma PCR Reagent (Euroclone).
Cells were seeded in the number of 1.0x10° in a 10 cm dish.
The following day, transfection was performed using 100 pmol
of custom hAPE1 siRNA or with nontargeting siRNA pool (siS-
CR) as a control (GE Healthcare Dharmacon, Lafayette, CO,
USA). The DharmaFECT transfection reagent (GE Healthcare
Dharmacon) was employed for transfection following the man-
ufacturer’s protocols. Two days after transfection, cells were
collected, and whole cell extracts and RNA were prepared. RNA
extraction was carried out using miRNeasy kit (Qiagen, Ger-
mantown, MD, USA) following the manufacturer’s protocols.

RNAseq and nanostring nCounter miRNA expression
profiling

miRNA expression profiling through RNAseq and the na-
nostring nCounter system were performed in total RNA sam-
ples collected from JHH-6 silenced for APE1 and their respec-
tive siSCR controls, as previously reported.16

Pathway enrichment analysis of validated miRNA
targets

The validated targets of the identified DEmiRNAs were defined
using the DIANA-MirPath v.3 web-server.26 Enriched path-
ways analysis was performed querying the Gene Ontology -
Biological Process databases (p<0.05), employing the gene
union and pathway union methods. To improve the biological
relevance of the results, a network representation was gener-
ated by using the Kyoto Encyclopedia of Genes and Genomes
(KEGG)-PathwayConnector,2” sorted by adjusted p-value in
ascending order. Ten EnrichR pathways were analyzed.

ClueGO data analysis

Enriched pathways associated with target genes expressed
with inverse correlation to the identified miRNAs were iden-
tified using the Cytoscape app ClueGO. The queried data-
sets were CLINVAR_Human-diseases, CORUM_CORUM-3.0-
FunCat-MIPS, Gene Onthology (GO)_BiologicalProcess (last
accessed: May 8, 2020), GO_ImmuneSystemProcess, KEGG,
Reactome (reactions and pathways) and WikiPathways. Ap-
plied statistics involved enrichment/depletion (two-sided hy-
pergeometric test) and correction was performed by Benja-
mini-Hochberg with p-value cutoff of 0.05, min/max GO level
of 4/8, and minimum number of genes of 3/1 (A549/JHH-6).

Survival analysis

To determine the prognostic value of APE1 for overall survival
(0S), we analyzed The Cancer Genome Atlas (TCGA)-Liver
Hepatocellular Carcinoma (LIHC) dataset using Gene Expres-
sion Profiling Interactive Analysis 2 (GEPIA2) (http://http://
gepia2.cancer-pku.cn/, accessed 21 January 2022), stratify-
ing patients using the median cutpoint. For nanostring and
RNAseq DEmiRNAs, as well as for the derived miRNA sig-
natures, we downloaded transcriptomics (HiSeq, miRgene
level; reads per million (RPM), Log2(Val+1)) and clinical
data from the LinkedOmics portal for the TCGA-LIHC cohort
(n=372 and n=377, respectively; http://linkedomics.org/
data_download/TCGA-LIHC/). We then selected a final co-
hort of patients associated with clinical data (n=344) that
was used for downstream analyses. We used the clinical,
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RTCGA, and survival R packages to divide patients into high
expression and low expression groups using the surv_cut-
point function (applied minprop=0.33). We verified differenc-
es in OS between subgroups by applying a log-rank test (p-
value <0.05) and summarizing data with Kaplan—-Meier plots.

Gene expression profiling of DEmiRNA targets in
cancer and normal datasets

We obtained transcriptomics data of APE1 and of the eight
DEmIiRNAs validated targets (Cyclin Dependent Kinase 6
(CDK6), CAMP Responsive Element Binding Protein Like 2
(CREBL2), Muscleblind Like Splicing Regulator 1 (MBNL1),
Scm Polycomb Group Protein Like 1 (SCML1), Ankyrin Repeat
Domain 52 (ANKRD52), Lysosomal Associated Membrane
Protein 2 (LAMPZ2), Pantothenate Kinase 3 (PANK3), and Zinc
Finger Homeobox 3t (ZFHX3)) from the TCGA-LIHC cancer
dataset (n=369) and from normal data (matched TCGA and
GTEx, n=160), using GEPIA2,28 selecting expression analy-
sis, expression DIY, box plots, and using the derived gene
symbols in the gene A box. Boxplots were used to represent
data (red: tumor; black: normal).

Preparation of cell extracts and western blot analy-
sis

Whole cell extracts were made and quantified as previously
described.?2 Western blot assays were performed with the
following primary antibodies: anti-APE1 (13B8E5C2; Novus,
Littleton, CO, USA) and anti-B-Tubulin (T0198; Sigma-Al-
drich) for normalization. The secondary antibodies used were
IRDye800 or IRDye600 labeled. Image acquisition and den-
sitometry analysis were obtained with Odyssey CLx Infrared
Imaging system (LI-COR, Lincoln, NE, USA).

Quantitative real-time PCR (qRT-PCR)

miRNA expression analysis was carried out by qRT-PCR us-
ing the TagMan advanced miRNA assay (Life Technologies,
Carlsbad, CA, USA). Briefly, 10 ng of total RNA were reverse
transcribed with TagMan advanced miRNA cDNA synthesis
kits (Life Technologies, Carlsbad, CA, USA) or gScript mi-
croRNA cDNA synthesis kits (Quantabio, Beverly, MA, USA),
following the manufacturer’s protocols. qRT-PCR reactions
were performed with TagMan fast advanced master mix, or
the PerfeCTa SYBR green supermix (Quantabio, Beverly, MA,
USA) kits following the manufacturer’s protocols and run with
a CFX Touch real-time PCR System (Bio-Rad, Hercules, CA,
USA). gRT-PCR analysis was performed with the AAct meth-
od, using miR-16-5p as a reference. Cq values >45 were
considered negative and melting point curves were used in
all assays to check primer specificity.

DE-mRNA targets expression was analyzed with reverse
transcription of 1 pg of total RNA with SensiFAST cDNA syn-
thesis kits (Meridian Bioscience, Cincinnati, OH, USA) following
the manufacturer’s protocols and gRT-PCR reactions were per-
formed using SYBR No-ROX kits following the manufacturer’s
protocols (Meridian Bioscience, Cincinnati, OH, USA). Primers
were acquired from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). Assays were carried out as indicated above using
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), Actin
alpha, miR-1280, miR-1275, and 28S as reference genes. Ex-
pression levels were calculated using the 2-AACt formula.

In vivo training phase

miRNA candidates identified in the previous phases were as-
sessed in the serum of 24 patients with HCC, 12 with high
SAPE1 expression and 12 with low SAPE1 expression. The in
vivo validation phase included miRNA candidates that were

significantly correlated with sAPE1 expression in HCC patients
and were assessed in the serum of 67 other HCC patients, 33
with high sAPE1 expression and 34 with low sAPE1 expression.

Patients

A total of 109 consecutive patients who were diagnosed with
HCC according to the European Association for the Study of
the Liver criteria,?® were enrolled in the study and referred to
the liver center between 2012 and 2018. Samples were col-
lected at the time of HCC diagnosis. The clinical and demo-
graphic features of the groups are shown in Supplementary
Table 1.

Ethical approval and consent to participate

Written informed consent was provided by all patients. The
investigation was conducted following the principles in the
Declaration of Helsinki. The study was approved by the re-
gional ethical committee (Comitato Etico Regionale Unico
FVG, No. 14/2012 ASUITS and Prot. No. 2018 Os-008-AS-
UITS, CINECA No. 2225).

Serum collection, microarray profiling and data
analysis

Serum collection and miRNA extraction were performed as
previously described.?130 Small RNAs were extracted from
the serum of HCC patients and independently profiled on
an Affymetrix Genechip miRNA 3.0 (Thermo Fischer Scien-
tific, Waltham, MA, USA) as previously described.30 One-way
analysis of variance was used to determine gene expression
differences in the microarray results. The Benjamini-Hoch-
berg method was used for multiple testing corrections, pro-
viding false discovery rate-corrected p-values.

HCC tissues collection and RNA extraction

We collected fresh hepatic tissues from untreated HCC pa-
tients undergoing liver resection. Specifically, samples in-
cluded HCC nodule, peri-HCC, and surrounding liver cirrho-
sis. Tissues were snap-frozen and stored at —80°C. Total
RNA was extracted using TriReagent (Merck KGaA, Darm-
stadt, Germany), according to manufacturer instructions.

SAPE1 quantification

SAPE1 levels were determined using Human APEX1 ELISA kit
(Cusabio, Houston, TX, USA) as previously described.?!

Data analysis and statistical methods

Mann-Whitney U tests were used to compare the differenc-
es between the two independent groups. The Kruskal-Wal-
lis test, in a one-way analysis of variance procedure, was
used for multiple comparisons. Differences in demographic
characteristics were compared by applying the chi-square
test. The relationship between sAPE and circulating miRNAs
was analyzed by Pearson correlation analysis. The statistical
analysis was performed with NCSS 11 software (2016, NCSS,
LLC. Kaysville, UT, USA; ncss.com/software/ncss), Stata
16.0 (Stata Corporation, College Station, TX, USA), and Stu-
dent’s t-test using GraphPad Prism (https://www.graphpad.
com/features). Differences were considered statistically sig-
nificant when the p-value was <0.05.

Results

APE1 overexpression is associated with poor prog-
nosis in HCC

Before investigating the potential role of APE1 in regulating
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Fig. 1. Prognostic value of apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) in The Cancer Genome Atlas (TCGA) - Liver Hepatocellular Carci-
noma (LIHC) patients. (A) Gene expression profiling of APE1 in the TCGA-LIHC dataset. Boxplot showing log2-transformed gene expression levels in the TCGA-LIHC
(n=369) compared with matched TCGA normal and Genotype-Tissue Expression (GTEx) datasets (n=160). Red: tumor; black: normal. p<1e-05. (B) Prognostic value
of APE1 in TCGA-LIHC patients. Kaplan—Meier plot of different overall survival (OS) rates of patients in high expression (red) and low expression (blue) groups, stratified

by median APE1 expression (hazard ratio=1.5, p=0.026).

prognostic miRNAs in HCC, we evaluated the levels of APE1
expression in the TCGA-LIHC cohort3! by comparing tumor
(n=369) and matched normal tissues (n=50). To increase
the statistical power, we also included the GTEx normal liver
samples (n=110). We found that APE1 expression was sig-
nificantly higher (p<1e-05) in tumors compared with normal
tissues (Fig. 1A, red box plot). Subsequently, the TCGA-LIHC
dataset was used to investigate the prognostic significance
of APE1 for OS by categorizing patients into high- and low-
expressing groups based on the median expression value of
APE1l. Results were presented through a Kaplan-Meier plot
(Fig. 1B), which demonstrated a statistically significant dif-
ference in the OS rates between high-expressing (n=182)
and low-expressing (n=182) patients, with the former hav-
ing lower survival rates (hazard ratio=1.5, p=0.026).

miRNA expression analysis in HCC cancer cells upon
APE1 depletion

After defining APE1 prognostic significance in HCC, we evalu-
ated its role in regulating miRNA expression. Specifically, we
transiently silenced JHH-6 hepatocellular carcinoma cells with
a customized APE1 siRNA (siAPE1) and siRNA scramble con-
trol (siSCR) to identify DEmiRNAs (Fig. 2A). We performed
both RNAseq [abs (log fold-change (FC)] =0.5, p<0.05)] and
nanostring [abs(logFC) >1.0, adjusted p<0.1)] analyses. The
RNAseq analysis revealed that only six miRNAs were differ-
entially expressed upon APE1 depletion, with four miRNAs
being significantly down-regulated in the APE1 knockdown
cells (miR-let7c-5p, miR-877, miR-769, and miR-874) and two
significantly up-regulated (miR-3609 and miR-6087, (Supple-
mentary Table 2). From the nanostring analysis, we identified
five up-regulated miRNAs (miR-2117, miR-1973, miR-1246,

1294
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miR-378e, and miR-575) and two down-regulated miRNAs
(miR-99a-5p and miR-33a-5p; Supplementary Table 3). Un-
fortunately, no shared DEmiRNAs were identified when com-
paring the results of the two distinct analytical approaches
used. The limited number of DEmiRNAs detected in both ex-
periments, compared with our previous findings in HelLa and
A549 cell lines,3:16 may be attributed to the relatively weak
silencing efficiency observed in the JHH-6 cell model (Fig. 2A).

Functional enrichment analysis of differently ex-
pressed miRNAs identifies gene targets associated
with RNA metabolism and transport

We firstly performed a GO pathway enrichment analysis by
considering the targets of DEmiRNAs identified through the
nanostring analysis (validated subset), thus identifying terms
associated with RNA biosynthesis/metabolism and regulation
of gene expression (Fig. 2B). Similarly, we investigated the
KEGG database and used the KEGG-PathwayConnector??
web tool to generate a summarized network of the top 15
most enriched pathways, revealing 11 major nodes including
the Hippo pathway, Wingless-related integration site (WNT)
signaling, p53 pathway, and Forkhead Box O (FOXO) path-
way (Fig. 2C). Interestingly, we observed the RNA transport
pathway as one of the significantly enriched terms. We ap-
plied the same approach to the DEmiRNAs identified through
RNAseq analysis, which yielded similar results from the GO
database. Interestingly, miR-877-5p and miR-769-5p were
found to be associated with innate immunity and blood co-
agulation (Fig. 3A). Additionally, the top 15 most enriched
KEGG pathways (Fig. 3B) highlighted the role of APE1-regu-
lated miRNAs in signaling and metabolic pathways associated
with cell proliferation (PhosphatidylInositol 3-Kinase (PI3K)/

1291-1307
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Fig. 2. Apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) regulates microRNAs (miRNAs) associated with RNA metabolism and transport. (A)
Western blotting assays of JHH-6 cells silenced for APE1 (siAPE1) or silenced using a small interfering RNA (siRNA) scramble as control (siSCR). The upper panel shows
the detection of APE1 (predicted molecular weight 37 kDa). B-Tubulin (predicted molecular weight 55 kDa) was used as the loading control (lower panel). The assays
were performed in quadruplicate. (B) Functional enrichment analysis of differentially-expressed microRNA (DEmiRNA) validated targets. Heatmap of significantly en-
riched functional terms (adjusted p<0.05) associated with DEmiRNAs validated targets, according to DIANA-MirPath (Gene Ontology biological process). Enriched terms
and miRNAs are clustered, based on the log (adjusted p-value). (C) Functional enrichment analysis of DEmiRNAs validated targets. Network of the top 15 enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) functional terms (p<0.05) associated with DEmiRNAs validated targets using the KEGG-PathwayConnector web tool.
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Fig. 3. Apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) regulates microRNA (miRNAs) related to cancer. (A) Functional enrichment analysis of
RNAseq differentially-expressed microRNA (DEmiRNAs) validated targets. Heatmap showing the significantly enriched functional terms (adjusted p<0.05) associated
with DEmiRNAs validated targets according to DIANA-MirPath (GO biological process). Enriched terms and miRNAs are clustered, based on the log (adjusted p-value).
(B) Functional enrichment analysis of RNAseq DEmiRNAs validated targets. Network of the top 15 enriched KEGG functional terms (p<0.05) associated with DEmiRNAs
validated targets according to the Kyoto Encyclopedia of Genes and Genomes (KEGG)-PathwayConnector web tool.
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Ak strain transforming (AKT);32 choline metabolism33),
transformation (Epidermal growth factor signaling (ERBB)
signaling3#) and angiogenesis (Advanced glycation endprod-
ucts (AGEs)- Receptor for advanced glycation endproducts
(RAGE) signaling3?). The results emphasize a role of APE1 in
regulating oncogenic and proliferative processes, as well as
its involvement in the negative regulation of the apoptotic
process, DNA damage response signaling, cellular processes
related to mRNA processing, regulation of RNA biosynthetic
process, mMRNA export from the nucleus and RNA transport
and vesicle-mediated transport.

Prognostic significance of APE1-regulated miRNA sig-
natures

After defining the predictive potential of APE1, we investigat-
ed whether differently expressed miRNA signatures regulated
by APE1 could also serve as prognostic factors. We initially
considered the nanostring-derived data, but its informative
power was hindered owing to the limited availability of com-
plete transcriptomics and survival information for only three
out of the seven DEmiRNAs (miR-378e, miR-99a-5p, and
miR-33a-5p). Nevertheless, we stratified patients by p-value
optimization, finding that miR-99a-5p and miR-33a-5p were
both able to significantly differentiate patients, with miR-
99a-5p overexpression associated with a favorable prognosis
(p=2.9e-03; Fig. 4A), while the opposite was observed for

miR-33a-5p (p=4e-02; Fig. 4B). For miR-378e, the trend was
similar to that of miR-33a-5p, although the differences were
not statistically significant (Fig. 4C). We finally considered the
three miRNA signatures where higher values were associated
with longer OS (p=7.4e-03; Fig. 4D). The same approach
was used for the miRNAseq-derived data. The presence of a
more complete dataset allowed us to obtain more consistent
results between the single miRNAs and the complete signa-
ture, except for miR-6087 which was not associated to any
clinical or expression data. Indeed, the low expression of four
out of five miRNAs (Fig. 5A, B, D, E) was associated with
a better outcome, although only miR-769 (p=1.2e-04) and
miR-877 (p=2.8e-03) were statistically significant. Only miR-
let-7c had the opposite trend (p=9.7e-03; Fig. 5C). Consist-
ently, lower values of the DEmiRNA signature were associated
with a favorable patient outcome (p=0.016; Fig. 5F). Results
suggest the association of the down-regulated miRNAs upon
APE1 silencing with a better prognosis, thus corroborating the
hypothesis of the existence of an APE1-miRNAs axis that pro-
motes and sustains oncogenesis in HCC, leading to a worse
prognosis and reduced OS.

Validation of high-throughput analysis results in
APE1-depleted RNA pools of JHH-6

After defining the prognostic value of APE1 and its DEmiRNAs
in HCC, we validated the results by gRT-PCR in a JHH-6 APE1
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depleted RNA pool sample and in the corresponding SCR
control, both derived from the RNA samples employed for
the high-throughput analyses. From the nanostring analysis,
we validated miR-33a-5p and miR-378e, respectively down-
and up-regulated upon APE1 depletion (Fig. 6A). From the
RNAseq analysis (Fig. 6A) we validated miR-769, miR-let7-c,
miR-877 (down-regulated upon APE1 depletion), and miR-

3609 (up-regulated upon APE1 depletion).

Validation of JHH-6 DEmiRNAs in HCC tissue samples

A subset of validated DEmiRNAs, with expression consistent
with the results obtained from the A549 and HelLa tumor cell
lines,13:16 was analyzed in HCC tissue samples with known
APE1 protein levels in both tissue and matched serum. miR-
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Fig. 6. Differentially-expressed microRNAs (DEmiRNAs) expression analysis in hepatocellular carcinoma (HCC) cells and tissue samples. (A) Quantita-
tive real-time PCR (gRT-PCR) analysis performed in pooled RNA samples of JHH-6 cells depleted of APE1 and its respective pooled small interfering RNA (siRNA) scram-
ble (siSCR) control to detection of DEmiRNA derived from nanostring and RNAseq analyses. (B) gRT-PCR analysis performed in RNA samples derived from HCC tissue
samples (HCC) and their respective distal tissues (Distal) as control for the detection of DEmiRNA derived from nanostring analysis. (C) gRT-PCR analysis performed in
RNA samples derived from HCC tissue samples (HCC) and their respective distal control tissues (Distal) for the detection of DEmiRNA derived from RNAseq analysis.

Data are means=standard error of the means, *p<0.05.

378e and miR-33a-5p, derived from the nanostring analysis
(Fig. 6B), and miR-let-7c, miR-877, miR-769, and miR-3609,
derived from the RNAseq analysis, were assessed in eight
HCC tissue samples and their respective distal nontumoral
tissue (Fig. 6C). Unfortunately, only miR-877 was significant-
ly overexpressed in HCC tissue samples compared with the
relative controls (Fig. 6C).

Combined functional characterization of A549 and
JHH-6 DEmiRNAs

To investigate if APE1 regulates a gene signature through
miRNAs that could act on multiple cell/tissue types, we com-
pared the list of TarBase/DIANA-MirPath2¢ validated targets,
obtained from the A549 nanostring experimentin our previous

work,16 with the list derived from JHH-6. The Venn diagram
shown in Figure 7A illustrates the overlap between the lists of
validated targets regulated by A549 DEmiRNAs (n=3,814),
JHH-6 DEmIiRNAs (n=505), and by the two commonly regu-
lated (miR-1246 and miR-33a-5p, n=864) DEmiRNAs. Taken
together, these results suggest that approximately 20% of
APE1-regulated miRNA targets in JHH-6 cells were specific
to this cell line and were not affected in A549 cells (Fig. 7A).
To investigate further, we focused specifically on nanostring
targets that were differentially expressed in the correspond-
ing dataset [abs(logFC) >1.0, adjusted p<0.05)]. We looked
at target genes that were expressed with inverse correlation
to the identified miRNAs, identifying 18 transcripts expressed
in JHH-6 cells (Supplementary Table 4) and 74 transcripts
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Fig. 7. Apurinic/apyrimidinic endodeoxyribonuclease 1 (APE1) regulates a gene signature through miRNAs that act on multiple cell/tissue types.
(A) Venn diagram of the number of target genes regulated by nanostring-derived differentially-expressed microRNAs (DEmiRNAs) in A549 and JHH-6 cells. Common
indicates the target genes of miR-1246 and miR-33a-5p that are differentially expressed in both cell lines. (B) Venn diagram of the number target genes coherently
differentially expressed by their regulatory DEmiRNAs, as defined by nanostring analyses performed in A549 and JHH-6 cells and by RNAseq in JHH-6. (C) Pie chart of
functional enrichment analysis results obtained for the JHH-6 differentially expressed target genes. (D) Pie chart of the common enriched functional terms associated
with JHH-6 and A549 differentially expressed target genes.
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expressed in A549 (Supplementary Table 5) that might rep-
resent the best candidate effectors of the examined pheno-
types. By comparing the two sets of genes, we defined four
common targets that were regulated in both cell lines: CDK6,
CREBL2, MBNL1, and SCML1. Interestingly, these genes have
a role in cell cycle regulation and mRNA splicing. We repeated
the analysis including the JHH-6 RNAseq validated targets
(Supplementary Table 6). The Venn diagram in Figure 7B
shows that only two genes, CDK6 and SCML1, were differ-
entially expressed coherently with their regulating miRNAs
in all three experiments. These genes are involved in cell
cycle and transcription regulation. However, considering both
miRNA expression profiling experiments that were performed
in JHH-6 cells, this number increased to six common genes:
ANKRD52, LAMP2, PANK3, ZFHX3, CDK6, and SCML1, which
regulate transcription, cell cycle, and microvascular invasion.

Functional enrichment analyses of JHH-6 differen-
tially expressed targets

Subsequently, we performed a pathway enrichment analysis
of the differentially expressed targets in JHH-6 cells (n=18;
Supplementary Table 4). As reported in Figure 7C, we found
that APE1-regulated miRNAs impacted on biological process-
es involved in cancer progression, such as the Runt-related
transcription factor 3 (RUNX3)-dependent regulation of Cy-
clin Dependent Kinase Inhibitor 1A (CDKN1A) transcription,
mevalonate/cholesterol metabolism, ISGylation, Danon dis-
ease/LAMP2, Inositol hexakisphosphate (IP6)/inositol pen-
takisphosphate (IP5). We repeated the analysis with A549
cells (data not shown). In Figure 7D we show the two com-
mon terms identified in both functional enrichment analyses,
Cyclin Dependent Kinase 4/Cyclin D1 and cholesterol metab-
olism, which have a major role in regulating tumor biological
processes.36:37

Validation of APE1-regulated DEmiRNA targets and
their expression in HCC

To elucidate the role of the putative effectors of the APE1-
miRNA axis in HCC, we profiled the gene expression of the
aforementioned DEmiRNAs validated targets (CDK6, CRE-
BL2, MBNL1, SCML1, ANKRD52, LAMP2, PANK3, and ZFHX3)
in the TCGA-LIHC/Genotype-Tissue Expression (commonly
known as GTEx) datasets. All the examined targets were sig-
nificantly up-regulated in HCC, except for SCML1 which was
down-regulated, although the difference with normal sam-
ples was not statistically significant (Fig. 8A). Subsequently,
we conducted in vitro validation analysis of APE1l-regulat-
ed miRNA targets using qRT-PCR. To do this, we used RNA
pools of depleted APE1 and its related SCR control obtained
from JHH-6 samples previously used for the high-throughput
analyses. We chose to test two significantly up-regulated tar-
gets in HCC whose regulation is mediated by miR-33a-5p,
an miRNA that is significantly regulated by APE1 in all cell
lines tested so far:13:16 CDK6, promoting G1/S transition and
cell proliferation,3® and LAMP2, which is involved in tumor
progression and chemoresistance processes.3° In Figure 8B,
the histograms show that the down-regulation of APE1 in-
duced the consequent up-regulation of these two DEmiRNA
validated targets.

Validation of DEmiRNAs and their relative targets in
hepatic and nonhepatic human cancer cell lines

To verify whether the identified DEmiRNAs could be also
regulated by APE1l in other hepatic and nonhepatic hu-
man cell models, we analyzed their expression upon APE1
knockdown. For this purpose, we carried out APE1l silenc-

ing in Huh7 differentiated hepatocytes derived from cellu-
lar carcinoma, HepG2 well-differentiated hepatocarcinoma,
A549 lung adenocarcinoma, Hela cervical carcinoma, and
HCT-116 colon carcinoma cell lines and analyzed the DEmiR-
NAs expression upon APE1 depletion using the specific siRNA
sequence used above or using siRNA SCR as a control. The
expression levels of the identified JHH-6 DEmiRNAs in all cell
lines tested are shown in Figure 9A. In Huh7 cells, the JHH-
6 DEmiRNAs were not significantly dysregulated upon APE1
silencing, while in HepG2 cells miR-33a-5p, miR-378e, miR-
3609, and miR-1246 resulted significantly dysregulated. In
A549 cells, we found miR-33a-5p and miR-1246 significantly
dysregulated, as already reported in.16 In HelLa cells, only
three miRNAs (miR-877, miR-let-7c, and miR-1246) showed
significant dysregulation. Similarly in HCT-116 cells, miR-
769, miR-let7c, and miR-877 were dysregulated. Interest-
ingly, in both cell lines, miR-let-7c showed an opposite trend
compared with JHH-6 cells (Fig. 9A, B). The findings suggest
that there are some common features of miRNA dysregula-
tion across different cell lines, while some other are specific
for each cell line.

We also investigated whether knocking down APE1 could
impact the expression of DEmiRNA target genes in different
cell lines. For this purpose, we performed gene expression
analysis of CDK6 and LAMPZ2, two targets of miR-33a-5p. As
shown in Figure 9C, APE1 depletion in A549 and Hela cell
lines was associated with increased expression of CDK6 and
LAMPZ2, in accordance with a significant down-regulation of
miR-33a-5p, similarly to JHH-6 cells. In HepG2 cells, CDK6
resulted down-regulated, coherently with the significant up-
regulation of miR-33a-5p. In HCT-116 cells, APE1-miRNA
axis did not significantly affect any target gene, which is
consistent with the nonsignificant dysregulation of miR-33a-
5p. Finally, although no common DEmiRNAs were identified
in Huh7, we observed a significant up-regulation of CDK6
and LAMP2 upon APE1 silencing. Thus, suggesting that APE1
could regulate these targets in Huh7 through different mech-
anisms. Overall, these findings support the role of the APE1-
DEmIiRNAs axis in the regulation of tumor progression and
highlighting the importance of cell-specific mechanisms in
this process.

Identification of circulating miRNAs correlating with
SAPE1 levels in HCC patients

To identify miRNAs correlating with sAPE1 expression levels
in HCC patients, we performed circulating miRNA microarray
profiling in eight patients with high sAPE1 (126.58 pg/mL
(85.42-161.92), median [95% confidence interval (CI)] vs.
10 patients with low median sAPE1 expression [(42.43 pg/
mL (95% CI: 29.70-71.17), Supplementary Table 1]. Con-
sidering a FC cutoff of 2, we identified eight significant differ-
entially expressed miRNAs (p<0.05) (Supplementary Table
7). miR-4492, miR-939, miR-3141, and miR-3180-3p posi-
tively correlated with sAPE1 levels, being higher in patients
with high sAPE1 expression. Those miRNAs candidates were
further investigated in the subsequent training phase.

Selection and validation of circulating miRNA candi-
dates associated with sAPE1 levels

Considering our hypothesis regarding APE1’s involvement in
miRNA post-transcriptional processing, we selected miRNA
candidates for the subsequent training and validation phas-
es. Specifically, we focused on miRNAs that were down-reg-
ulated following APE1 silencing in cellular models, as well as
miRNAs that were increased in the serum of patients with
high sAPE1 levels (Supplementary Table 8). miRNA candi-
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dates were analyzed by gRT-PCR in the serum of 24 patients
with HCC (Supplementary Table 1), Twelve of them had high
SAPE1 expression and 12 had low sAPE1 expression. The me-
dian sAPE1 expression was 161.48 pg/mL (95% CI: 141.48-
208.19) in the high expression group and 32.31 pg/mL (95%
CI: 18.97-40.35) in the low expression group, p0.001.

Despite some trends being visible in the correlation be-
tween sAPE1 and circulating miRNAs, only miR-769 and
miR-3180-3p showed a significant correlation (p=0.046,
Pearson correlation 0.45, p=0.047, Pearson correlation 0.42,
respectively; Fig. 10A). Among the miRNA candidates listed
in Supplementary Table 8, we were unable to replicate the
miR-3141 results observed in the miRNA microarray. That
was because of the high GC content of the miRNA sequence,
which led to multiple unspecific amplifications during gRT-
PCR. The correlation between circulating miR-3180-3p and
miR-769 with sAPE1 was further assessed in 67 samples ob-
tained from HCC patients (Supplementary Table 1). Despite
the initial correlation evidenced during the training phase,
neither miR-769 nor miR-3180-3p were correlated with
SAPE1 levels when validated in a larger group of patients
(Fig. 10B, C).

Discussion

HCC is one of the most fatal cancer types worldwide.! The
absence of tools for an accurate early diagnose the disease,
stratify patients, and predict prognosis negatively impacts
patient survival. In the last few years, great efforts were
dedicated to the discovery of reliable biomarkers fulfilling
all these unmet clinical needs. Our previous research con-
firmed that sAPE1 has the potential to serve as a reliable
biomarker for distinguishing patients with HCC from patients
with cirrhosis.2! APE1 is highly expressed in HCC where, be-
sides its involvement in the base excision repair process, it
may participate in many other cancer-related pathways.!?
Indeed, high APEL1 tissue levels have been associated with
unfavorable prognosis in cancer patients, and data from TC-
GA-LIHC confirmed the same trend for HCC patients. APE1
has been found to participate in the maturation of certain
cellular miRNAs, as recently discovered. However, it remains
unclear whether this process is associated with cancer and
which specific miRNAs are involved.13 Thus, this observation
opened new intriguing aspects in the role of APE1 in cancer,
especially in relation to those miRNAs that are released in
biofluids.

In this study, we found an alteration of the cellular miR-
NA expression profile upon APE1 depletion. In JHH-6 cancer
cells, the changes involved several miRNAs (miR-let7c-5p,
miR-33a-5p, miR-99a-5p, miR-378e, miR-575, miR-769,
miR-874, miR-877, miR-1246, miR-1973, miR-2117, miR-
3609, and miR-6087) participating in metabolic and signaling
pathways related to cell proliferation (PI3K/AKT pathway32
and choline metabolism33), transformation (ERBB signal-
ing34), angiogenesis, and RNA maturation. Interestingly,
higher amounts of miR-99a-5p or miR-let7c-5p and lower
levels of miR-33a-5p, miR-769, or miR-877, were associated
with a better outcome in TCGA patients. Thus, the evidence
on miR-33a-5p, miR-769, and miR-877 support the hypoth-
esis of a possible involvement of APE1 in the regulation of
oncomiRs. Indeed, higher tumor tissue levels of miR-33a-5p,
miR-769, miR-877, and APE1l correlate with a worse prog-
nosis for the patient. In agreement with these data, we ob-
served an up-regulation of miR-33a-5p and miR-877 in tu-
mor tissue compared with the distal portion of the liver, even
if only miR-877 was statistically significant. The results of our
study are consistent with our previous findings that sAPE1
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protein levels are significantly elevated in HCC compared
with both cirrhosis and healthy blood donors. Moreover, in
HCC tissue the levels of APE1 mRNA and protein were higher
compared to surrounding liver cirrhosis, peri-HCC, or healthy
control tissues, in accordance with sAPE1 levels.2! It is worth
noticing that, among the validated DEmiRNAs we found, only
miR-769 was consistent with literature reports.4® However,
conflicting data regarding miR-33a-5p4142 and miR-87743
and their prognostic value in HCC exist, highlighting the need
for further investigation. Functional enrichment analysis of
JHH-6 DEmIiRNA differentially expressed targets suggested
a role in biological processes involved in cancer progression,
such as the RUNX3-dependent regulation of CDKN1A tran-
scription, mevalonate/cholesterol metabolism, ISGylation,
Danon disease/LAMP2, IP5/IP6. The relevance of these bio-
logical processes in cancer is evident, indeed: IP6 represses
cell growth and promotes cell differentiation,** while ISGyla-
tion promotes the genesis and progression of malignancies
and regulates exosome secretion.*>

Interestingly, the mevalonate pathway offers several po-
tential targets for cancer therapy in HCC.46 However, con-
trasting information about LAMP2 expression and its role
in HCC exists. Indeed, low LAMP2 expression seems to be
correlated with microvascular invasion and poor prognosis
in HCC,4” while other studies demonstrated that increased
stability of the protein mediated by the long noncoding RNA
FAM215A, induces doxorubicin resistance and tumor pro-
gression.3? Altogether this evidence suggests that APE1 may
sustain HCC tumor progression through miRNAs regulation.

To further investigate the potential role of those DEmiR-
NAs as biomarkers, we profiled the serum of HCC patients.
It is well known that miRNAs represent the most promis-
ing class of circulating biomarkers, by virtue of their stability
in biofluids, easy detectability and, last but not least, their
fundamental role in the disease.*® Thus, tumors expressing
high levels of APE1 may release larger quantities of APE1-
regulated miRNAs, which may help in stratifying patients and
predicting their prognosis. Assuming that patients with over-
expressed APE1 in tissue may have augmented APE1 levels
in biofluids,!3:16,:20.21 we investigated the association of cir-
culating miRNAs with sAPE1 levels. By comparing patients
expressing high levels of sAPE1 to patients with low sAPE1,
we identified eight miRNAs differently expressed between
the two groups. Interestingly, none of these miRNAs were
dysregulated upon APE1 depletion in our cell model, sug-
gesting an indirect association with sAPE1 levels in biofluids.
miRNAs positively associated with higher sAPE1 levels, miR-
939, miR-3141, miR-3180-3p, and miR-4492, were assessed
in serum samples from HCC patients. Although the training
phase identified miR-3180-3p as a possible circulating miRNA
positively correlated with sAPE1 levels, the subsequent vali-
dation phase evidenced no association between the miRNA
and sAPE1. The limited information available in the literature
about miR-3180-3p limits the speculations about our obser-
vation. Nevertheless, miR-3180-3p was reported to down-
regulate regulatory factor X1 (also referred to as RFX1),4°
which has both anticancer and cancer-promoting activities.>°
Indeed, it can regulate the expression of several proto-on-
cogenes as well as tumor suppressors, depending on tumor
type and on spatial and temporal expression.>? Thus, the in-
terpretation of our results still needs more evidence about
the role of this miRNA in cancer. The serum levels of three
miRNAs, which demonstrated a consistent down-regulation
upon APE1 silencing in cells and exhibited negative prognos-
tic value in the TCGA cohort, were evaluated in HCC patients,
yielding similar results. Although an initial analysis showed
a significant correlation (Pearson correlation 0.45, p=0.046)
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Fig. 10. Correlation charts of circulating miRNAs and sAPE1 in patients with HCC. (A) miRNA and sAPE1 Pearson correlation in serum of hepatocellular car-
cinoma (HCC) patients. Expression of the selected miRNA candidates was correlated with the expression of serum APE1 (sAPE1) and normalized against serum miR-
1280 and miR-1275. (B) sAPE1 expression in HCC patients selected for the validation phase. sAPE1 levels were expressed in pg/mL. p-values were computed by the
nonparametric Mann-Whitney U in a t-test procedures. (C) miR-3180-3p and sAPE1 Pearson correlation in serum from HCC patients. The expression of miR-3180-3p
was correlated with the expression of sAPE1 in 67 HCC patients normalized against serum miR-1280 and miR-1275.

between miR-769 and sAPE1 levels, further validation in the
serum of HCC patients did not yield the expected results
(Pearson correlation 0.2, p=0.12). Despite proof of miR-769
being involved in cell proliferation, invasion, and poor OS in
HCC,40 the clinical meaning of its presence in serum is still
unclear. Evidence from other cancers51:52 has shown that
this miRNA is present in exosomes released by cancer cells.
Therefore, focusing on the serum exosomal fraction alone
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could aid in interpreting the cancer-related information con-
veyed by miR-769. Other study limitations are: (1) a small
sample size, with results that should ideally be validated in
a much larger study population; (2) incomplete information
associated with miRNA expression in the databases used for
the analysis; and (3) lack of knowledge of the biological func-
tion of some miRNA candidates in HCC that would strengthen
their role as biomarkers.
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Conclusions

In this study, we investigated whether novel miRNAs regu-
lated by APE1 participated in liver oncogenesis and served as
prognostic biomarkers. In our cellular models, we found that
APE1 silencing led to changes in the expression of certain
miRNAs, including miR-877, which showed increased expres-
sion in HCC tumor samples and was negatively associated
with patient OS. Together with our previous results, the ob-
servations suggest an important role of APE1 in the process-
ing of specific miRNAs involved in several cellular pathways,
some of which are considered hallmarks of cancer. However,
we were unable to find consistent data when analyzing se-
rum samples, possibly owing to confounding factors present
in biofluids. This problem could be solved by using new tech-
niques and/or technologies able to specifically isolate liver-
derived exosomes, thus boosting the research on biomarkers
for liver diseases. Indeed, the lack of reliable biomarkers and
predictive models result in poor patient outcomes, especially
in HCC. In fact, HCC remains one of the deadliest cancers
worldwide and the need for new tools to clinicians stratify
patients is of utmost priority in clinical oncology.
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