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Abstract

Chemoresistance is a major cause of high mortality and poor survival in patients
with ovarian cancer (OVCA). Understanding the mechanisms of chemoresistance is
urgently required to develop effective therapeutic approaches to OVCA. Here, we
show that expression of the long noncoding RNA, taurine upregulated gene 1 (TUG1),
is markedly upregulated in samples from OVCA patients who developed resistance to
primary platinum-based therapy. Depletion of TUG1 increased sensitivity to cisplatin
in the OVCA cell lines, SKOV3 and KURAMOCHI. Combination therapy of cisplatin
with antisense oligonucleotides targeting TUG1 coupled with a drug delivery system
effectively relieved the tumor burden in xenograft mouse models. Mechanistically,
TUG1 acts as a competing endogenous RNA by downregulating miR-4687-3p and
miR-6088, both of which target DNA polymerase eta (POLH), an enzyme required
for translesion DNA synthesis. Overexpression of POLH reversed the effect of TUG1
depletion on cisplatin-induced cytotoxicity. Our data suggest that TUG1 upregula-
tion allows OVCA to tolerate DNA damage via upregulation of POLH; this provides a

strong rationale for targeting TUG1 to overcome cisplatin resistance in OVCA.
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1 | INTRODUCTION

Ovarian cancer (OVCA) is the leading cause of cancer death and
the most lethal gynecologic cancer.! Due to the absence of specific
symptoms and a lack of efficient methods to detect early-stage dis-
ease, more than 80% of patients are diagnosed at an advanced stage
(International Federation of Gynecology and Obstetrics [FIGO] stages
Il and 1V), resulting in poor survival outcomes.? The standard of care
for OVCA consists of debulking surgery followed by platinum-based
chemotherapy (mainly cisplatin and carboplatin); this treatment has
not changed over the last three decades. Approximately 25% of OVCA
patients are resistant to platinum-based chemotherapies at the initial
chemotherapy.® Furthermore, half of the patients who are initially sen-
sitive to platinum-based chemotherapies will suffer recurrence and
peritoneal metastases, eventually leading to low overall survival.*”
Thus, the limited efficacy of cisplatin-based chemotherapy in OVCA
patients is a major problem for OVCA treatment.

Cisplatin-based drugs form DNA adducts that cause DNA inter-
strand and intrastrand cross-links, leading to genotoxic damage.®?
The cisplatin-induced DNA cross-links block transcription and DNA
synthesis, resulting in cell cycle arrest. Although cisplatin-DNA ad-
ducts are recognized as DNA damage and can be repaired in cells,
excessive cisplatin-induced DNA damage induces apoptosis.” In
OVCA cells, however, there is a high frequency of chemoresistance
via multiple mechanisms, such as increased activity of DNA damage
repair systems, altered drug transport and metabolism, promotion of
the epithelial-to-mesenchymal transition, or altered autophagy.m'11
Given that the primary target of cisplatin is DNA, the effectiveness
of DNA damage repair is one of the most dominant resistance mech-
anisms.*? Preclinical evidence shows a strong association between
the dysregulation of specific DNA repair pathways and resistance to
platinum drugs.*3¢

Long noncoding RNAs (IncRNAs) regulate many cancer-related
genes and are associated with oncogenesis and malignancy.”'18
Aberrant expression of some IncRNAs has also been implicated in
cancer drug resistance.®!? Therefore, targeting INcRNAs may rep-
resent a novel therapeutic anticancer strategy. Taurine upregulated
gene 1 (TUG1) is an oncogenic IncRNA that promotes the progres-

sion of various cancers.?%?! We previously reported that depletion

= 1911
Cancer Science RuIis Ak

of TUG1 reduces the growth of pancreatic cancer cells in vitro and
in vivo.?? We also demonstrated that TUG1-dependent chemo-
resistance in pancreatic cancer requires the upregulation of dihy-
dropyrimidine dehydrogenase, which degrades 5-fluorouracil, the
standard chemotherapy for pancreatic cancer.?? TUG1 promotes
OVCA cell proliferation, migration, invasion, and metastasis.?>?* In
addition, TUG1-dependent targeting of a microRNA (miRNA), miR-
29b-3p, induces autophagy and engenders paclitaxel resistance in
OVCA.? However, it remains unclear whether TUG1 regulates cis-
platin sensitivity in OVCA.

In this study, we found that TUG1 promotes cisplatin resistance
in OVCA by upregulating DNA polymerase eta (POLH), which en-
hances DNA damage tolerance through mediating translesion DNA
synthesis (TLS).2%-28 Cisplatin treatment combined with TUG1 de-
pletion effectively inhibited tumor growth in xenograft mouse mod-
els, underscoring the efficacy of TUG1 depletion in vivo. Our data
provide a strong rationale for targeting TUG1 as a novel therapeutic
approach to overcome cisplatin resistance in OVCA.

2 | METHODS

2.1 | Clinical samples

Ovarian cancer (n=20) samples were obtained from patients who
underwent surgical resection and cisplatin-based chemotherapy at
Obstetrics and Gynecology, Nagoya University Hospital. All cases
were pathologically diagnosed and had complete clinical information
(Table S1). Patients with OVCA were divided into two groups ac-
cording to disease-free survival (DFS) following surgery: a cisplatin-
sensitive group (>200days, n=11) and -resistant group (<200days,
n=9). DFS was defined as the time from chemotherapy initiation to

recurrence.

2.2 | RNA-FISH

Ovarian cancer tissues (n=20) were fixed for 48hours in 10%

buffered formalin, paraffin embedded, and cut into 5-um sections.

FIGURE 1 High expression of taurine upregulated gene 1 (TUG1) is associated with cisplatin resistance in ovarian cancer (OVCA) cells.
(A) Representative smFISH images of TUG1 (in red) in both cisplatin-sensitive and -resistant OVCA samples. Nuclei are counterstained

with DAPI (in blue). Insets in the left panels are magnified in the right panels. Insets in the top panels are further magnified in the bottom
panels. (B) Quantification of smFISH experiments in cisplatin-sensitive (n=11) and -resistant (n=9) OVCA samples. The y-axis represents the
relative number of TUG1 spots in the nucleus and cytoplasm, normalized to the median in cisplatin-sensitive samples. Data are presented

as mean +SEM. Over 100 cells were analyzed per sample. ns, p>0.05; **p <0.01; ***p <0.001, two-sided t-test. (C) Kaplan-Meier survival
curve for OVCA patients based on TUG1 expression. High group (Z-score of TUG1 expression 20, n=69); low group (Z-score of TUG1
expression <0, n=73), sourced from the TCGA database. (D) RT-gPCR analysis of TUG1 expression in 12 OVCA cell lines. TUG1 expression
is normalized to GAPDH and presented as mean+SEM, n=3. (E) Dose-response curve of cisplatin in ES2, SKOV3, and KURAMOCHI cells
transfected with CTRL-ASO, TUG1-ASO#1, or TUG1-ASO#2. The IC50 value for each treatment is indicated in the bottom table. Data are
presented as mean+SEM, n=3. (F) TUG1 knockdown efficiency was evaluated by RT-qPCR in ES2, SKOV3, and KURAMOCHI cells 24 h post
transfection with CTRL-ASO, TUG1-ASO#1, and TUG1-ASO#2. TUG1 expression is normalized to GAPDH and presented as mean+ SEM,
n=3.***p<0.001, two-sided t-test. (G) Dose-response curve of cisplatin in ES2 cells transfected with either vector control or pPGK-TUG1.
The IC50 value for each treatment is indicated in the right table. Data are presented as mean +SEM, n=_3. (H) Combination indices (Cl) for
SKOV3 and KURAMOCHI cells under the indicated treatment conditions.
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RNA-FISH utilized the ViewRNA ISH Tissue Assay Kit (Thermo
Fisher Scientific) and ViewRNA probe set for TUG1 (#VA1-11879,
Thermo Fisher Scientific) per the manufacturer's guidelines. Images
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were captured with a Leica DMI6000 B microscope. TUG1 spots
were quantified in ImagelJ, with DAPI-stained nuclei as references,
counting over 100 cells per sample.
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2.3 | TCGA data analysis

TCGA ovarian tumor data were obtained from the GDC Data Portal
(https://portal.gdc.cancer.gov), comprising 142 samples with re-
corded RNA-seq and patient outcomes. Kaplan-Meier DFS curves
were created based on TUG1 expression (TUG1-high group, i-
score>0, n=73; TUG1-low group, Z-score<0, n=69) for OVCA
patients, with Z-score normalization applied to TUG1 expression in
transcripts per million (TPM). TCGA data for miR-4687-3p expres-
sion (294 samples) and miR-6088 expression (107 samples) were also
sourced from the GDC Data Portal and UCSC Xena (https://xena.
ucsc.edu), respectively. Additional details about the analyzed TCGA
cases can be found in Table S2.

24 | Cellculture

ES2 (ATCC), SKOV3 (RIKEN Cell Bank), KURAMOCHI (JCRB Cell
Bank), and SKOV3-Luc (JCRB Cell Bank) cell lines were cultured in
RPMI-1640 medium with 10% fetal bovine serum and 1x antibiotic-
antimycotic (Anti-anti, Gibco, Thermo Fisher Scientific). All lines
were analyzed within 6 months post thawing, authenticated by
JCRB Cell Bank via short tandem repeat profiling, and confirmed
mycoplasma-free upon thawing. Characteristics of these cell lines
are detailed in Table S3

2.5 | Cell transfections

Gene knockdowns and plasmid transfections were carried out with
Lipofectamine 3000 (Thermo Fisher Scientific) or ScreenFect A Plus
(FUJIFILM Wako Pure Chemical) according to the manufacturer's
instructions. Cells were transfected with 100nM antisense oligonu-
cleotide (ASQO), 50nM miRNA inhibitor, or 50nM miRNA mimic. A list
of ASOs, plasmids, miRNA inhibitors, and miRNA mimics is provided
in Table Sé6.

2.6 | RT-gPCR
RNA extraction and RT-qPCR for TUG1 and POLH was performed
as described previously.®® miRNA RT-gPCR was conducted accord-

ing to Balcells et al.??

Target gene expression levels were quantified
using GAPDH or RNU6b as internal controls. Oligonucleotide primer

details are in Table Sé.

2.7 | Drug sensitivity assay

Cells transfected with 100nM ASO for 24 h in six wells were trypsi-
nized and seeded onto 96-well plates at 1x10* cells/well followed
by cisplatin treatment (P4394, Sigma Aldrich) for another 48h. Cell
viability was assessed using Cell Count Reagent SF (Nacalai Tesque).

The assay was conducted in triplicate. Drug sensitivity was deter-
mined by the half-maximal inhibitory concentration (IC50) value
using GraphPad Prism8 (GraphPad Software).

2.8 | Global expression analysis of miRNA

miRNA microarrays were processed as described previously,?°
scanned using an Agilent Microarray Scanner (G2565BA, Agilent
Technologies), and analyzed using the Feature Extraction software,
version 12.0 (Agilent Technologies) with background correction.
Data analyses were performed with GeneSpring GX, version 7.3.1
(Agilent Technologies). Expression data were centered on a median
using the GeneSpring normalization option. Experiments were per-

formed in duplicate throughout the analysis.

2.9 | Western blotting

Western blotting was performed as described previously.?® Anti-
POLH (28133-1-AP, PGI, 1:1000) and anti-GAPDH (#2118, Cell
Signaling Technology, 1:1000) were used as the primary antibod-
ies. Anti-mouse 1gG horseradish peroxidase (HRP)-linked antibody
(#7076, Cell Signaling Technology, 1:2000) and anti-rabbit IgG HRP-
linked antibody (#7074, Cell Signaling Technology, 1:2000) were

used as the secondary antibodies.

2.10 | Dual-luciferase reporter assay

The POLH-3-UTR fragment was amplified by PCR with primers
from Table Sé and ligated into the Xbal and Xhol site of the pmirGLO
luciferase reporter vector (Promega). For the reporter assay, the
luciferase construct (100ng) was cotransfected into the cells using
Lipofectamine 3000 (Thermo Fisher Scientific) with 100nmol/L
CTRL ASO, 100nmol/L TUG1 ASO, 50 nmol/L miRNA inhibitor, or
50nmol/L miRNA inhibitor negative control. Luciferase activity was
measured 48h after transfection using a dual-luciferase reporter
assay system (Promega). The relative luciferase activity was deter-

mined by normalizing firefly luminescence to Renilla luminescence.

2.11 | Immunohistochemistry (IHC)

Staining was performed on 5-um sections of the OVCA tissues col-
lected from patients (n=72). After de-paraffinization, antigen retrieval
was performed in a microwave oven in 10mM sodium citrate buffer
(pH6.0). Following a 3% H,0, block for 20min, specimens were in-
cubated with the anti-POLH antibodies (HPA006721, 1:400, Sigma
Aldrich). After subsequent incubation with HRP-conjugated second-
ary antibody, specimens were subjected to DAB (Agilent Technologies)
and hematoxylin staining. The POLH IHC score was calculated using
the following equation: IHC score=X P, (i), where i=intensity of
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FIGURE 2 Taurine upregulated gene 1 (TUG1) promotes cisplatin resistance by downregulating miRNAs in ovarian cancer (OVCA) cell
lines. (A) Venn diagram displaying miRNAs upregulated in SKOV3 and KURAMOCHI upon TUG1 depletion and those potentially binding

to TUG1. FC, fold change. (B) gPCR analysis of miR-1207-5p, miR-4687-3p, and miR-6088 expression in SKOV3 and KURAMOCHI cells
transfected with CTRL-ASO, TUG1-ASO#1, or TUG1-ASO#2 for 24 h. miRNA expression is normalized to RNUéb, and the y-axis shows
relative expression compared with Ctrl ASO-treated cells. Data are mean+SEM. *p<0.05; **p<0.01; ***p<0.001, two-sided t-test, n=3.

(C) Predicted binding of miR-4687-3p and miR-6088 with TUG1. The seed sequence of miR-4687-3p and miR-6088, and the complementary
sequence in TUG1 are depicted. (D) Scatter plots illustrating the Pearson correlation between TUG1 and miR-4687-3p expression (left,
n=294) and TUG1 and miR-6088 expression (right, n=107) in OVCA samples from the TCGA database. The expression values in the former
and later data were normalized to transformed reads per million (TPM) in the GDC Data Portal and fragments per kilobase million upper
quantile +1 (fpkm-uq+ 1) in the UCSC Xena, respectively. Pearson's correlation coefficients (r) with the corresponding p-values are shown.
(E) Viability of SKOV3 and KURAMOCHI cells transfected with CTRL-ASO or TUG1-ASO#1 for 24 h, followed by incubation with 0.25pg/mL
cisplatin for 48 h. Cells were also transfected with miRNA inhibitor negative control (miR-NC inhibitor) or a combination of miR-4687-3p
inhibitor and miR-6088 inhibitor along with CTRL-ASO or TUG1-ASO#1. The y-axis represents relative cell viability compared with Ctrl ASO-
and miR-NC inhibitor-treated cells. Data are presented as mean+SEM. *p<0.05; **p <0.01, two-sided t-test, n=3.
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staining (1, 2, or 3 as weak, moderate, or strong, respectively) and Pi
is the percentage of stained cells for each intensity. The mean POLH
IHC scores were obtained from a minimum of five fields in one section

using an Olympus V5120 microscope (Olympus) at x20 magnification.

2.12 | Construction of the POLH expression vector
The POLH gene was amplified by PCR using KOD-plus-neo
(TOYOBO). The primer sequences are shown in Table S6. The ampli-
fied DNA fragment was cloned into pcDNA3.1(+) vector (Thermo
Fisher Scientific) and validated by conventional sequencing analysis.
Transfection of DNA vectors was performed using Lipofectamine
3000 according to the manufacturer's instructions (Thermo Fisher

Scientific).

2.13 | Xenograft mouse model and treatment

SKOV3-Luc cells (2 x 10° per mouse) were intraperitoneally inoculated
into 6-week-old female BALB/c nude mice (The Jackson Laboratory
Japan). A cyclic Arg-Gly-Asp (cRGD) peptide-conjugated polymeric
micelle was used as the drug delivery system (DDS) of TUG1 ASO
in vivo.29223031 The sequence used for the ASO was as follows: TUG1
ASO1: 5-TGAATTTCAATCATTTGAGAT -3 One week after the in-
oculation, TUG1-DDS (1 mg/kg of TUG1 ASO1 per day) was intraperi-
toneally injected every 3days for three cycles and cisplatin (2.5mg/
kg per day) was intraperitoneally injected every 3days for six cycles
(started from nontreatment [n=12], cisplatin [n=9], TUG1-DDS
[n=9], cisplatin and TUG1-DDS [n=9]). The bioluminescent imaging
was conducted using an in vivo imaging system (IVIS, Xenogen Corp./
Caliper Life Science) 1, 4, and 8 weeks after implantation. A 150-mg/
kg dose of D-Luciferin potassium salt (Perkin-Elmer) was injected in-
traperitoneally into the mice 10min before imaging. The mice were
anesthetized using isoflurane and imaged dorsally. The region of inter-
est (ROI) was selected, and the radiance value was measured by Living

Image® 4.3.1 Software (Caliper Life Science). After treatment, tumors

were harvested and profiled using Western blotting.

2.14 | Statistical analysis

Results are shown as mean, and the error bars represent the stand-
ard error of the mean (SE). The number of times experiments were
repeated with similar results and the number (n) from which statistics
are calculated are provided in the figure legend for each experiment.
GraphPad Prism8 was used to generate graphs and to perform sta-
tistical analysis. p-Values were calculated using two-sided Student's
t-tests unless stated otherwise. p-Values of statistical significance
are indicated as ns, p>0.05, *p<0.05, **p<0.01, and ***p <0.001.

2.15 | Dataresources

The microarray data and analyzed DRIP-seq data have been depos-
ited in the Genomic Expression Archive (GEA) under accession code
E-GEAD-602. The human cancer data from the TCGA were derived
from the GDC Data Portal and UCSC Xena. The data of small-RNA
sequencing in BEAS-2B cells (SRX463338)%? were derived from
miRmine®® (https://guanfiles.dcmb.med.umich.edu/mirmine/index.
html). All other data supporting the findings of this study are avail-

able from the corresponding authors upon reasonable request.

3 | RESULTS

3.1 | Expression status of TUG1 in OVCA patients
treated with platinum-based chemotherapy

RNA-FISH analysis in 20 primary OVCAs revealed that the number
of TUGL1 spots in cancer cells is significantly upregulated cisplatin-
resistant compared with cisplatin-sensitive patients (n=9 and 11,

FIGURE 3 Taurine upregulated gene 1 (TUG1) upregulates DNA polymerase eta (POLH) by inhibiting miR-4687-3p and miR-6088.

(A) Venn diagram illustrating the common target genes of miR-4687-3p and miR-6088. Twenty genes are targeted by both miRNAs.

(B) Predicted binding of miR-4687-3p (top) and miR-6088 (bottom) to POLH-mRNA 3'UTR. Seed sequences of miR-4687-3p and miR-

6088, along with the complementary sequences in POLH 3’UTR, are shown. (C) Top: Representative Western blot images of SKOV3 and
KURAMOCHI cells transfected with CTRL-ASO, TUG1-ASO#1, and TUG1-ASO#2 for 48 h. Anti-POLH and anti-GAPDH antibodies were
used. Bottom: Bar graphs represent quantified Western blot data. Signal intensities are normalized to GAPDH, with values relative to
CTRL-ASO, presented as mean+SEM. *p <0.05; **p<0.01; ***p <0.001, two-sided t-test, n=3. (D) RT-qPCR analysis of POLH expression in
SKOV3 and KURAMOCHI cells transfected with CTRL-ASO, TUG1-ASO#1, and TUG1-ASO#2 for 48h. TUG1 expression is normalized to
GAPDH and presented as mean+SEM. *p<0.05; **p <0.01; ***p <0.001, two-sided t-test, n=_3. (E) Top: Representative Western blot images
of SKOV3 and KURAMOCHI cells transfected with TUG1-ASO#1 and miR-NC inhibitor, miR-4687-3p inhibitor, or miR-6088 inhibitor for
48h. Anti-POLH and anti-GAPDH antibodies were used. Bottom: Bar graphs represent quantified Western blot data. Signal intensities are
normalized to GAPDH, with values relative to the miR-NC inhibitor, presented as mean +SEM. *p <0.05; **p <0.01, two-sided t-test, n=3.
(F) Top: Representative Western blot images of SKOV3 and KURAMOCHI cells transfected with miR-NC mimic, miR-4687-3p mimic, or miR-
6088 mimic together with CTRL-ASO for 48h. Anti-POLH and anti-GAPDH antibodies were used. Bottom: Bar graphs represent quantified
Western blot data. Signal intensities are normalized to GAPDH, with values relative to the miR-NC mimic, presented as mean+SEM.
*p<0.05, two-sided t-test, n=3. (G) Dual-luciferase reporter assay in SKOV3 cells. The POLH 3'UTR reporter was cotransfected with miR-
NC inhibitor, miR-4687 inhibitor, or miR-6088 inhibitor for 48 h. Cells were simultaneously transfected with CTRL-ASO or TUG1-ASO#1.
Values are relative to the miR-NC inhibitor, presented as mean +SEM. *p <0.05, two-sided t-test, n=3.
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respectively; p<0.01, Figure 1A,B, Table S1). Specifically, TUG1 was
upregulated approximately twofold in the cytoplasm of resistant
cancers compared with that of sensitive cancers (p<0.001), while
the number of nuclear TUG1 spots was similar between the two
(Figure 1B). The levels of TUG1 expression were not different between
early stages (I and Il) and advanced stages (Il and IV) (Figure 1B).

In TCGA dataset, 142 patients with primary OVCAs who under-
went cisplatin-based chemotherapy were classified into two groups:
the TUG1-high group (n=69, Z-score>0) and the TUG1-low group
(=73, Z-score<0) (Table S2). Relapse-free survival in the TUG1-
high group was significantly shorter than that in the TUG1-low group
(p=0.0397, log-rank test; HR=0.662; 95% Cl, 0.44-0.99; Figure 1C)
suggesting that upregulation of TUG1 is related to poor prognosis in

patients with OVCA who underwent cisplatin treatment.

3.2 | TUGI1 depletion restores cisplatin sensitivity
in cisplatin-resistant cells

We next examined the cytotoxic effects of cisplatin on multiple
OVCA cell lines. Among 11 OVCA cell lines (Table S3), low TUG1
expression was observed in OVCA cell lines, ES2, EMGII, OVTOKO,
and CAOV3. On the other hand, high TUG1 expression was found in
JHOS2, OVCARS, and SKOV3, with the highest expression observed
in the KURAMOCHI cell line (Figure 1D). Therefore, we selected ES2
as a low-TUG1 cell line and KURAMOCHI and SKOV3 as high-TUG1
cell lines for follow-up studies. Interestingly, ES2 were more sensi-
tive to cisplatin than SKOV3 and KURAMOCHI, which were rela-
tively resistant, with IC50 values of 1.42pg/mL for ES2, 2.89 pg/mL
for SKOVS3, and 2.35pg/mL for KURAMOCHI (Figure 1E).

Depletion of TUG1 by two different specific ASO against TUG1
(TUG1-ASO#1 and #2; see? Figure 1F and Table Sé) increased the
sensitivity of both SKOV3 and KURAMOCHI to cisplatin (SKOV3
IC50: 2.89pug/mL with CTRL-ASO decreased to 1.33pg/mL and
1.01pg/mL with TUG1-ASO#1 and TUG1-ASO#2, respectively,
and KURAMOCH]I IC50: 2.35pg/mL with CTRL-ASO decreased to
1.29pg/mL and 0.93pg/mL with TUG1-ASO#1 and TUG1-ASO#2,
respectively; Figure 1E). In contrast, depletion of TUG1 had less
effect in ES2 cells (IC50: 1.42pg/mL) with CTRL-ASO decreased to
1.06 pg/mL and 0.91 ug/mL with TUG1-ASO#1 and TUG1-ASO#2,

respectively (Figure 1E). Overexpression of TUG1 in ES2 cells in-
creased cisplatin resistance, with the IC50 rising from 1.40pug/mL
in the vector control to 2.12pg/mL in cells transfected with pPGK-
TUGI1 (Figure 1G). The combination index®* revealed that TUG1 de-
pletion synergistically enhanced the cytotoxic effects of cisplatin in
SKOV3 and KURAMOCHI (combination index of 2.5 pg/mL cisplatin
and 100puM TUG1-ASO#1, 0.27 and 0.29, respectively; Figure 1H).

3.3 | TUGI1 promotes cisplatin resistance via
downregulating miRNAs in OVCA cells

The significant increase in TUG1 expression in the cytoplasm of
cisplatin-resistant clinical specimens suggests that TUG1 may exert
its protective role in the cytoplasm, possibly through interactions
with specific miRNAs.1%% We performed miRNA microarray analysis
to investigate the impact of TUG1 depletion on miRNA expression.
After treating SKOV3 and KURAMOCHI cells with TUG1-ASO#1, we
observed the upregulation of 62 and 28 miRNAs more than 1.2-fold,
respectively. (Figure 2A, Table S4). Among the 13 miRNAs that were
commonly upregulated in both SKOV3 and KURAMOCHI cell lines,
three of them (hsa-miR-1207-5p, hsa-miR-4687-3p, hsa-miR-6088)
were predicted to interact with TUG1 based on in silico analysis
using DIANA-LncBase (https://diana.e-ce.uth.gr/Incbasev3/home)*
(Figure 2A). Upregulation of hsa-miR-4687-3p and hsa-miR-6088
after TUG1 depletion was further validated by gPCR analyses
(Figure 2B). Indeed, the TUG1 sequence contains seven nucleotides
that match the seed sequence of miR-4687-3p, and nine nucleotides
that match the seed sequence of miR-6088. These matches suggest
a potential interaction between TUG1 and these miRNAs (Figure 2C).

Correlation coefficient analysis revealed significant negative re-
lationships between TUG1 and miR-4687-3p, as well as a trend of
negative relationships between TUG1 and miR-6088 expression in
OVCAs in TCGA dataset (r=-0.16, p=0.0072; r=-0.19, p=0.053,
respectively; Figure 2D, Table S2). The level of miR-4687-3p and
miR-6088 expression was lower in a normal fibroblast cell line,
BEAS-2B, compared with OVCAs (Log,,(TPM)=0.23 for hsa-miR-
4687-3p and fpkm-uq+1=1 for hsa-miR-6088).

Blockade of miR-4687-3p and miR-6088 using their respective
miRNA inhibitors attenuated the toxicity of the cisplatin/TUG1-ASO

FIGURE 4 DNA polymerase eta (POLH) mediates taurine upregulated gene 1 (TUG1)-induced cisplatin resistance in ovarian cancer
(OVCA). (A) Top: Dose-response curve of cisplatin in SKOV3 (left) and KURAMOCHI cells (right) transfected with siCTRL, siPOLH#1,

or siPOLH#2 for 48h, followed by incubation with cisplatin for 48 h. IC50 values for the indicated treatments are shown. Results are
mean+SEM, n=3. Bottom: Representative Western blot images of SKOV3 and KURAMOCHI cells transfected with siCTRL, siPOLH#1,

or siPOLH#2 for 48 h. Anti-POLH and anti-GAPDH antibodies were used. (B) Left: Inmunohistochemical analysis of POLH in cisplatin-
sensitive and -resistant OVCA clinical samples. Scale bar: 30 um. Right: Bar graph displaying POLH immunohistochemistry (IHC) scores for
immunohistochemical analysis (sensitive, n=63; resistant, n=9) in OVCA clinical samples. ***p <0.001, two-sided Mann-Whitney U test.
(C) Scatter plot illustrating the Pearson correlation between POLH H-scores from immunohistochemical analysis and the number of TUG1
spots per cell in RNA-FISH analysis in OVCA clinical samples. Data from cisplatin-sensitive clinical samples (n=11) and -resistant samples
(n=>5) are shown. Pearson's correlation determination R%, with the corresponding p-value, is indicated. (D) Top: Dose-response curve of
cisplatin in SKOV3 (left) and KURAMOCHI (right) cells transfected with CTRL-ASO, POLH-expressing vector (POLH OE), and TUG1-ASO#1
for 48 h, followed by incubation with cisplatin for 48 h. The IC50 value for the indicated treatment is shown. Results are mean+SEM, n=3.
Bottom: Representative Western blot images of SKOV3 and KURAMOCHI cells transfected with CTRL-ASO, POLH-expressing vector
(POLH OE), and TUG1-ASO#1 for 48 h. Anti-POLH and anti-GAPDH antibodies were used.
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combination treatment in SKOV3 and KURAMOCHI cells (Figure 2E).
These results indicate that the repression of miR-4687-3p and miR-
6088 by TUG1 is associated with the development of cisplatin resis-
tance in OVCA cells.

3.4 | POLH is a downstream target of miRNAs that
bind TUG1

To identify target genes linked to the acquisition of cisplatin resist-
ance regulated by miR-4687-3p and miR-6088, we conducted in
silico analysis using the miRDB database (https://mirdb.org/).37 We
examined the function of 20 genes that were identified as common
potential targets of both miR-4687-3p and miR-6088 (Figure 3A,
Table S5). Among these, POLH was selected for further analysis due
to its significant role in TLS and its established connection with the
DNA damage response and DNA repair,2°28 both processes that can
modulate the mechanistic effects of cisplatin.

The seed sequences of the miR-4687-3p and miR-6088 bind-
ing regions in the 3'-UTR of POLH mRNA are depicted in Figure 3B.
Notably, depletion of TUG1 significantly suppressed POLH pro-
tein expression in both SKOV3 and KURAMOCHI cells (Figure 3C).
Interestingly, the mRNA expression level remained largely un-
changed or even exhibited a slight increase (Figure 3D). These find-
ings suggest that the substantial downregulation of POLH caused by
TUGTI depletion occurs primarily at the translational level, with little
to no impact on mRNA decay mediated by miRNAs.%8 Consistently,
inhibition of the miRNAs upregulated POLH protein expression
under TUG1-depleted conditions (Figure 3E), whereas miRNA over-
expression reduced POLH protein expression in both SKOV3 and
KURAMOCHI cells (Figure 3F).

The functional interaction between TUG1, miR-4687-3p and
miR-6088, and 3'-UTR of POLH was examined using dual-luciferase
reporter assays. TUG1 depletion significantly decreased luciferase
activity (Figure 3G). Furthermore, blockade of miR-4687-3p and
miR-6088 using miRNA inhibitors significantly upregulated lucif-
erase activity when TUG1 was depleted but had no effect in the
CTRL-ASO treated cells. The combined inhibition of miR-4687-3p
and miR-6088 yielded the strongest reversal of the effect of TUG1
depletion (Figure 3G).

3.5 | POLH mediates TUG1-dependent cisplatin
resistance in OVCA

Depletion of POLH using siRNA lowered the IC50 for cisplatin in
both SKOV3 and KURAMOCHI cells (Figure 4A). In clinical samples,
POLH expression was higher in cisplatin-resistant OVCA cases com-
pared with -sensitive ones (Figure 4B). Moreover, smFISH revealed
a trend of positive correlation between POLH expression and TUG1
expression in OVCA clinical samples (n=16, R?=0.24, p=0.05)
(Figure 4C). Finally, overexpression of POLH reversed the effects of
TUG1 depletion (Figure 4D). Collectively, these findings suggest that
the TUG1-POLH axis plays a key role in cisplatin resistance in OVCA.

3.6 | Targeting TUG1 sensitizes OVCA cells to
cisplatin in vivo

Next, we examined the impact of combination therapy with cisplatin
and TUG1-ASO in an OVCA xenograft mouse model in vivo. To achieve
an effective in vivo ASO delivery, we employed a cRGD peptide-
conjugated polymeric micelle DDS, termed TUG1-DDS, as previously
described.?%2%3%%7 Mice bearing SKOV3 xenograft tumors were sub-
jected to intraperitoneal treatment with TUG1-DDS (administered
every 3days for three cycles) and/or cisplatin (given every 3days for
six cycles) (Figure 5A). TUG1-DDS effectively accumulated within the
xenograft tumors, significantly suppressing their growth compared
with the nontreated group (Figure 5B). Notably, by 8 weeks post xeno-
graft injection, the combination of both cisplatin and TUG1-DDS ex-
hibited a more substantial inhibition of tumor growth than TUG1-DDS
alone (Figure 5B). Consistent with our in vitro findings, POLH expres-
sion was lower in tumors treated with TUG1-DDS (Figure 5C).

4 | DISCUSSION

In the current study, we have demonstrated that targeting the TUG1-
miR-4687-3p/miR-6088-POLH axis enhances cisplatin sensitivity,
specifically in OVCA cases characterized by high TUG1 expression
(Figure 5D). Due to its inhibition of miRNAs, the IncRNA TUG1 is re-
ported as a promoter of cisplatin resistance and cancer progression

FIGURE 5 Tumor growth suppression by combination therapy with cisplatin and taurine upregulated gene 1 drug delivery system (TUG1-
DDS). (A) Schematic depicting of the treatment protocol for xenograft mouse models. SKOV3-Luc cells were intraperitoneally injected into
BALB/c nude mice (black arrow). Mice were treated with TUG1-DDS and/or cisplatin during the periods indicated by double-headed arrows.
Bioluminescence signals were acquired at 1, 4, and 8 weeks post inoculation using the IVIS system (red arrowheads) (B) Top: Representative
images of bioluminescence signals in mice for each treatment. Bottom: Quantification of bioluminescence signals in xenograft mouse
models. The initial numbers of mice examined for each of the four experimental groups are indicated: non-treatment (n=12), cisplatin
(n=9), TUG1-DDS (n=9), and cisplatin and TUG1-DDS (n=9). Results are mean+SEM. *p <0.05, two-way ANOVA with Bonferroni post

hoc test. (C) Top: Western blot image of tumors obtained from the mouse xenografts. Anti-POLH and anti-GAPDH antibodies were used.
Bottom: Bar graph displaying quantified Western blot data. Signal intensities were normalized to GAPDH, with values relative to CTRL-DDS
and presented as mean+SEM, n=3. **p<0.001, two-sided t-test. (D) Conceptual diagram depicting TUG1-dependent cisplatin resistance

in ovarian cancers (OVCAs). The heightened expression of TUG1 contributes to a reduction in the levels of miR-4687-3p and miR-6088.
This decrease subsequently triggers the translational upregulation of POLH, which engenders cisplatin resistance (left). TUG1-targeted
interventions may provide a therapeutic strategy to address cisplatin resistance in OVCAs (right).
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in various malignancies, including OVCA.*°~*3 By contrast, TUG1 can
also sensitize non-small cell lung cancer and triple-negative breast can-
cer.*%3 In this study, we demonstrated that high expression of TUG1
in OVCA confers intrinsic resistance to cisplatin. Mechanistically,
TUG1 upregulates POLH by acting as a competing endogenous RNA
(ceRNA) for miR-4687-3p and miR-6088. Our findings, and those of

others clearly show that TUG1 plays a pivotal role in regulating che-
mosensitivity in a context-dependent manner by interacting with
tumor-specific miRNAs. The presence of ceRNAs creates competi-
tion between transcripts with shared miRNA binding sites, which can
shape gene expression proﬁles.38 Although the precise mechanisms
by which this competition occurs remains unclear, there is now a
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substantial amount of empirical evidence supporting the ceRNA com-
petition hypothesis; this includes our previous studies on TUG1.2%22

POLH is the product of the xeroderma pigmentosum variant (XPV)
gene and a well-characterized Y-family DNA polymerase for transle-
sion synthesis.*® Previous studies revealed that suppression of POLH
expression promoted cisplatin-induced apoptosis of cancer stem cells
isolated from OVCA cell lines and primary tumors.*” Through TLS, the
cross-links added by cisplatin-based drugs are bypassed during repli-
cation.*® POLH is also associated with cisplatin resistance in lung and
bladder cancers.*’ In these studies, POLH was targeted by miR-93*
and miR-619.% Our present findings suggest that cytoplasmic TUG1
serves as a novel regulator of POLH through the reduction of miRNAs,
thereby playing a pivotal role in the development of acquired cispla-
tin resistance. We suggest that cells with elevated TUG1 expression
become dominant after cisplatin treatment, which would be consis-
tent with the upregulation of TUG1 in samples from cisplatin-resistant
OVCA patients. Functional experiments showed that TUG1 depletion
essentially liberates miR-4687-3p and miR-6088, allowing them to bind
POLH mRNA and suppress translation, thereby enhancing sensitivity to
cisplatin. In contrast to earlier studies, we did not identify miR-93 and
miR-619 as miRNAs regulated by TUG1; this may be due to our use of
different cancer types when compared with those previously studied.

Recently, we have reported the essential role of TUG1 in sup-
pressing cancer-specific replication stress (RS).%° Excessive RS leads
to DNA damage that would be cytotoxic to normal cells, and TUG1
upregulation therefore acts as a cancer cell-specific buffer to pre-
vent tumor cell death. Notably, this function is carried out by nuclear
TUGI1 and is distinct from the cytoplasmic role of TUG1 as a ceRNA
that regulates POLH expression, as discovered in the current study.
Thus, TUGL1 is engaged in different interactions with distinct target
molecules in the cytoplasm and nucleus, yet its activity converges on
mechanisms associated with DNA damage repair and maintenance
of genome stability. The multifaceted role of TUG1 underscores
its significance as a potential therapeutic target for modulating ge-
nomic instability and chemosensitivity in cancer cells.

Arg-Gly-Asp peptides targeting avp3 and avf5 integrins have
been proposed as a promising DDS in OVCA cells.’® In the current
study, TUG1-ASO coupled with a cancer-specific cRGD peptide-

conjugated polymeric micelle DDS?*303

was efficiently taken up
by endocytosis and transcytosis-mediated penetration and robustly
suppressed the growth of OVCA in vivo. Although further investiga-
tions are required, cRGD-mediated drug delivery may be a powerful
strategy for targeting OVCA.

In conclusion, our data indicate that the combination of con-
ventional cisplatin therapy with TUG1-DDS represents a novel
therapeutic strategy for inhibiting the growth of cisplatin-resistant
OVCA. This approach holds significant potential for improving over-
all survival outcomes in these patients.
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