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Abstract

A growing number of studies recognize that long non-coding RNAs (IncRNAs) are es-
sential to mediate multiple tumorigenic processes, including hepatic tumorigenesis.
However, the pathological mechanism of IncRNA-regulated liver cancer cell growth
remains poorly understood. In this study, we identified a novel function IncRNA,
named polo-like kinase 4 associated IncRNA (IncRNA PLK4, GenBank Accession No.
RP11-50D9.3), whose expression was dramatically down-regulated in hepatocellular
carcinoma (HCC) tissues and cells. Interestingly, talazoparib, a novel and highly potent
poly-ADP-ribose polymerase 1/2 (PARP1/2) inhibitor, could increase IncRNA PLK4
expression in HepG2 cells. Importantly, we showed that talazoparib-induced IncRNA
PLK4 could function as a tumour suppressor gene by Yes-associated protein (YAP)
inactivation and induction of cellular senescence to inhibit liver cancer cell viability
and growth. In summary, our findings reveal the molecular mechanism of talazoparib-
induced anti-tumor effect, and suggest a potential clinical use of talazoparib-targeted
IncRNA PLK4/YAP-dependent cellular senescence for the treatment of HCC.
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1 | INTRODUCTION

Liver cancer is the second common malignancy worldwide.! Primary
liver cancer includes hepatocellular carcinoma (HCC) and intrahe-
patic cholangiocarcinoma (ICC).2 HCC accounts for approximately
90% of primary liver cancer incidence.® The tumour invasive growth
and metastasis lead to poor prognosis in patients with Hce.A
Therefore, it is urgent to reveal novel molecular mechanism in HCC
progress and identify specific diagnostic and prognostic markers,
which might provide potential therapeutic targets to improve pa-
tient survival.

Long non-coding RNAs (IncRNAs) are greater than 200 nucleo-
tides in length and exhibit limited or no capacity to encode protein.
LncRNAs could interact with RNA, DNA and protein, and further
mediate various life process, including epigenetic regulation and cell
cycle regulation.>® Recently, studies have reported that some cer-
tain IncRNAs specifically exist in differentiated tissues or tumour
cells.”® These IncRNAs play important roles in regulating cancer cell
growth and maintaining tumour characteristics.” Attractively, the
abnormal expression of IncRNAs involves in hepatocarcinogene-
sis and metastasis.'®* However, the cellular functions of IncRNAs
in HCC occurrence and development, especially potential cross talk
between IncRNAs and cancer-related signalling pathways, remain
largely unknown. Our recent work identified a number of up-regu-
lated and down-regulated IncRNAs during HCC. Among these, the
expression of polo-like kinase 4 associated IncRNA (IncRNA PLK4),
upstream of the PLK4 gene, was most significantly decreased in HCC
patients, compared with normal group. We then first demonstrated
that poly-ADP-ribose polymerase 1/2 (PARP1/2) inhibitor, talazopa-
rib, could increase the expression of IncRNA PLK4 in liver cancer cells.
However, whether talazoparib-induced IncRNA PLK4 could and how
to regulate HCC development is unclear and warrant further study.

Cellular senescence, a special form of durable cell cycle arrest,
has attracted great attention. Cellular senescence suppresses pro-
liferation in different types of damaged cells and it is usually asso-
ciated with cancer and aging.12 Senescent cells are characterized by
DNA damage, increase of senescence-associated p-galactosidase
(SA-B-gal) positive cells and decrease of telomerase activity. The se-
nescence mediators mainly include tumour suppressor p16'™4? (ab-
breviated as p16), p53 and cyclin-dependent kinase inhibitors p21
and p27. Besides, chromatin protein Hmgal and DNA damage maker
y-H2AX also contribute to senescent phenotypes.“’14 Cellular se-
nescence is best known as a cell-intrinsic death to prevent liver

cancer. >’

It is interesting to explore whether talazoparib-induced
INncRNA PLK4 mediates HCC cellular senescence and further to ex-
plore the regulatory mechanism underlying its functions.

A growing number of studies including ours have established
Hippo/Yes-associated protein (YAP) signalling as a growth-suppres-
sive pathway.ls'20 In normal body, the level of YAP phosphorylation
maintains balance for cytoplasmic sequestration and degradation.
Under cancer state, YAP becomes activated and subsequently
translocates into the nucleus, interacting with TEA domain (TEAD)

transcriptional factors, and consequently promoting transcription
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of downstream genes, associated with cell proliferation and sur-
vival.'?2! Recently, YAP has been identified as a central oncogenic
regulator for HCC.?224 Besides, the regulation between IncRNAs and
YAP offers a promising perspective for the treatment of HCcC.2> %
For example, the overexpression of ultra-conserved IncRNA uc.134
inhibits HCC cell proliferation and invasion by down-regulating
Cullin4A, an important component of multiple cullin-RING-based
E3 ubiquitin-protein ligase complexes, further to induce the serine/
threonine kinase LATS1 ubiquitination and increase phosphorylated
YAP expression.?® Moreover, numerous studies have reported that
the inhibition of cellular senescence was dependent on YAP activa-
tion.28-%0 Thus, investigation on whether IncRNA PLK4 involves in
YAP-mediated cellular senescence of HCC cells is interesting.

In our study, IncRNA microarray indicated that IncRNA PLK4
is significantly down-regulated in HCC patient tumour tissues. We
then find that talazoparib could increase the expression of IncRNA
PLK4 in HepG2 cells. Besides, we first demonstrate that the up-reg-
ulation of IncRNA PLK4 induced by talazoparib restricts HCC cell
proliferation by promoting cellular senescence. Importantly, we con-
firm that talazoparib-induced IncRNA PLK4 inhibits the expression
of YAP by decreasing its promoter activity to trigger HCC cellular se-
nescence. Taken together, our study shows that talazoparib-induced
IncRNA PLK4-YAP-senescence signalling axis could be a molecular

basis for HCC therapeutics.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

Talazoparib was brought from Selleck. 10% dimethylacetamide
(#270555) and 5% Kolliphor HS 15 (#42966) were obtained from
Sigma-Aldrich. Dulbecco's modified essential medium (DMEM), foe-
tal bovine serum (FBS) and Opti-MEM medium were bought from
GIBCO BRL. TERT antibody (ab32020) was purchased from Abcam
Technology (Abcam). Antibody against antimouse IgG (SA00001-1),
anti-rabbit IgG (SA00001-2), B-actin (60008-1-Ig), y-H2AX (10856-1-
AP), p16 (10883-1-AP) and p21 (10355-1-AP) were purchased from
Proteintech Group, Inc Primary antibodies against Hmga1l (7777), Ki67
(9449) and YAP (14074) were procured by Cell Signaling Technology.

2.2 | Microarray assay

Fresh paired normal and histologically confirmed liver tumour tis-
sues were gained from HCC patients, getting no treatment during
surgery from the Nanjing Second Hospital. The study was approved
by the Ethics Committee of Nanjing Second Hospital, and each pa-
tient obtained informed consent.

Human IncRNA microarray is analysed for the global profiling
of human IncRNAs and protein-coding mRNA transcripts. A total of
35 620 IncRNAs were examined in the array. The widely accepted pub-

lic transcriptome databases (RefSeq, UCSC Known Genes, Ensembl,
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etc) and landmark publications were applied to construct IncRNAs.
Agilent GeneSpring GX v12.1 software package was used to conduct
quantile normalization and subsequent data processing. The differen-
tial IncRNAs with statistical significance were identified using volcano
plot filtering. The threshold used to filter up-regulated or down-reg-
ulated IncRNAs was a fold change 22.0 and P < .05. The roles of dif-
ferentially IncRNA-targeted mRNAs in the corresponding biological
pathways or gene ontology (GO) terms were determined using KEGG

pathway analysis and GO analysis.

2.3 | Animal treatment

Experimental protocol obtained the approval of the animal welfare
body in Nanjing University of Chinese Medicine (Nanjing, China). All
animals were given humane care according to the National Institutes
of Health guidelines. Male BALB/c nude mice were bought from
Nanjing Medical University (Nanjing, China). After adaptive feeding
for one week, 2 x 108 Huh-7 cells were subcutaneously injected
into the left flanks of mice to establish subcutaneous xenograft
model. As previously described,?! talazoparib was dissolved in 10%
dimethylacetamide and 5% Kolliphor HS 15 in PBS and given once
daily via intragastrical (i.g) administration for 3 weeks. Mice were
anaesthetized by injecting pentobarbital (50 mg/kg) and then sac-
rificed at the end of the experiment. Heart, liver, spleen, lung, kid-
ney and tumours were fixed in10% formalin for histopathological
studies.

2.4 | Tumorigenesis assays in nude mice

Tumour size was measured twice a week. Tumour volume was
assessed using the formula, tumour volume = (length x width
xheight)/2.

2.5 | Histopathology and immunohistochemistry

As previously described, haematoxylin and eosin (H&E) were per-

formed. According to the previous method,3? immunohistochemical

staining was conducted using antibodies against Ki67.

2.6 | Cell culture

HepG2, Huh-7,LX2,L02 and SMCC-7721 cell line were brought from
Cell Bank of Chinese Academy of Sciences. HepG2, Huh-7, LX2, LO2
and SMCC-7721 cells were cultured in high-glucose DMEM with
10% FBS and 1% antibiotics, and incubated in a humidified atmos-
phere at 37°C with 5% CO, and 95% air.

2.7 | Cell viability assay

Cellular viability was determined by Cell Counting Kit-8 (Beyotime
Biotechnology). Briefly, 100 pL HepG2 cells per well were plated into 96-
well plates. After the corresponding reagents treatment, 10 pL CCK8 solu-
tion was incubated with cell medium for 2 hours at 37°C. The absorbance

of each well was detected at 450 nm by a Microplate Reader (Bio-Rad).

2.8 | Cell cycle analysis

Cell cycle analysis was detected by Propidium lodide Flow Cytometry
Kit (Abcam). HepG2 cells were cultured in 6-well plates and treated
with indicated reagents. Cells were washed with PBS after drug
treatment. After centrifugation at 800 rpm for 5 minutes, the cell
pellet was collected and the supernatant was discarded. The cell pel-
let was washed twice with PBS and fixed with 75% ethanol at 4°C
for more than 4 hours. Then, the cell was re-suspended in PBS and
gathered by centrifugation at 800 rpm for another 5 minutes. The
propidium iodide solution and the RNase A solution were mixed. The
cells were re-suspended by mixed solution gently and incubated at
37°C for 30 minutes in the dark. Finally, the processed cells were
analysed by flow cytometry.

2.9 | Analysis of cell senescence by
B-galactosidase staining

The senescence of HepG2 cells were determined by SA-f-gal stain-
ing kit (Merck Millipore). Briefly, adherent cells were incubated with
PBS-G (0.5% glutaraldehyde dissolved in PBS) for 15 minutes and

washed with PBS containing 1 mmol/L MgCl,. The cells were stained

TABLE 1 Primers used for

5-TTCAATCGGGGATGTCTGAGG-3'
5-GAAGGTAGAGCTTGGGCAGG-3’
5-TGATGGTGGGCCTGGGGAAG-3’
5-GTTCTCCGGATTAGCTTCCTTC-3’
5-AATGGGTGGGTACAAGTCTTAC-3’
5-TTTCAGTTCCACTCTGTCCATC-3’

Gene Forward sequence Reverse sequence
plé 5'-GGAGTTAATAGCACCTCCTCC-3'

p21 5-GTCAGTTCCTTGTGGAGCCG-3’

Hmgal 5-AGGAGCAGTGACCCATGCGT-3’

LncRNA-1  5-TTAGAGAGCCGAGCCTGAT-3’

LncRNA-2  5-GCAGCCTCCTCCTCTTTATTC-3

LncRNA-3 5'-CCCATCATTTACAAGCCCAAAC-3’

LncRNA-4  5-CCGTTCCCTTGATGTCTACAA-3’

GAPDH

5-CTTCTTTTGCGTCGCCAGCCGA-3’

5-GAGGCACCCGATATATGTTCTC-3’
5-ACCAGGCGCCCAATACGACCAA-3’

determination of mMRNA expression levels
in HepG2 cells
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with PBS containing 1 mmol/L MgCl,, 1 mg/mL X-Gal and 5 mmol/L
potassium ferricyanide for 24 hours.

2.10 | SiRNA or plasmid transfection

LncRNA PLK4 siRNA and negative control siRNA were synthesized by
GenScript. YAP CRISPR Activation Plasmid (h) (sc-400040-ACT) and con-
trol CRISPR Activation Plasmid (sc-437275) were purchased from Santa
Cruz Biotechnology. According to the manufacturer's procedure, HepG2

cells were transfected with Lipofectamine 2000 reagent (Life Technologies).

2.11 | RNA isolation and real-time PCR

Total RNA in HepG2 cells was extracted by Trizol reagent (Sigma-
Aldrich) and transcribed to cDNA by PrimeScript RT reagent kit
(TaKaRa Biotechnology) according to manufacturer's protocol.
Real-time PCR was performed by the SYBR Green | fluorescent dye
(TaKaRa Biotechnology), according to the manufacturer's guidelines.
Each sample was assessed in triplicate experiments. The primer se-

quences (GenScript) used were listed in Table 1.

2.12 | Western blot analyses

Cells were lysed by a RIPA lysis buffer (Sigma), and Western blot analysis

was performed according to the manufacturer's instructions (Bio-Rad).

2.13 | Immunofluorescence analysis

HepG2 cells were seed into 24-well plates and given corresponding
reagents for 24 hours. Cells were fixed with 4% PFA for 30 minutes
at room temperature. After permeabilized with PBS-T (0.1% Triton
x-100 dissolved in PBS), cells were blocked with PBS-B (4% BSA dis-
solved in PBS) and stained with primary antibody overnight at 4°C.
After that, cells were incubated with FITC-labelled Goat Anti-Rabbit
IgG for 2 hours. 4', 6-Diamidino-2-phenylindole was used for stain-
ing the nucleus in dark for 5 minutes, and the fluorescence was ob-
served with fluorescence microscope (Nikon).

Tumour tissues were cut into 5 um in thickness and blocked with
1% bovine serum albumin after deparaffinization. Tumour tissues
were incubated with corresponding antibodies overnight at 4°C.
Secondary antibodies then incubated with the sections for 1 hour
at room temperature. Fluorescence microscope (Nikon) was used to

observe the fluorescence of sections.

2.14 | Luciferase reporter assay

plasmid YAP (pGL3-GFP-YAP-luc)

was synthesized by GenScript. HepG2 cells were transiently

The luciferase reporter

transfected with the reporter plasmid in the presence of either
talazoparib and/or IncRNA PLK4 siRNA. Renilla luciferase re-
porter (pRL-TK; Promega) was used to detect the transfection
efficiency. Luciferase activities were measured using a Dual-
Luciferase Reporter Assay System (Promega), according to the

manufacturer's instructions.

2.15 | Statistical analysis

Results were presented as mean * SD, and the differences between
groups were analysed using GraphPad Prism 5.0. The statistical
analysis was determined by Student's t test (two group) or one-way
analysis of variance with the Student-Newman-Keuls test (more than

two groups). P < .05 was considered a significance.

3 | RESULTS

3.1 | LncRNA PLK4 is down-regulated in
hepatocellular carcinoma

LncRNAs involve in the pathogenesis of liver cancer and emerge as an
important novel prognostic marker.%® However, the underlying molecu-
lar mechanism remains unknown. LncRNA expression profiles were
dramatically altered in HCC, as previous studies reported.'° We also com-
pared the IncRNA expression profiles between normal human liver and
liver cancer tissues by IncRNAs microarray. A total of 167 up-regulated
IncRNAs and 345 down-regulated IncRNAs with significantly differential
expression were identified (Figure 1A). The majority of the dysregulated
IncRNAs in HCC tissues corresponded to INcRNAs, antisense transcripts,
long-intergenic RNAs (lincRNAs) and processed transcripts (Figure 1B).
Interestingly, compared to normal samples, one of the most significantly
down-regulated IncRNAs in liver cancer samples was IncRNA PLK4 (anti-
sense transcripts). LncRNA PLK4 located at chromosome 4:128761353-
128765195 (Transcript ID: ENSTO0000565254, Figure S1), ~37 kb away
from the PLK4 (an important oncogene) locus, prompting us to investi-
gate it further. Real-time PCR showed that the IncRNA PLK4 expression
was markedly down-regulated in the liver tumour tissues, compared with
the adjacent tumour tissues (Figure 1C).Consistently, the expression of
IncRNA PLK4 was also significantly reduced in HCC cell lines (Figure 1D).
These results show that IncRNA PLK4 is down-regulated in HCC tissues
and cells.

3.2 | Talazoparib inhibits HepG2 cell
proliferation and cycle by up-regulating IncRNA
PLK4 expression

The therapeutic drugs for liver cancer are scant, we tried to find ef-
fectively novel drugs for the treatment of liver cancer. We found that
talazoparib, a new and highly potent PARP1/2 inhibitor for breast

cancer treatment originally, could repress the growth of liver tumour
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FIGURE 1 Aberrant expression of
IncRNA PLK4 in HCC. Microarray analysis
for INcRNA was performed with RNA
extracted from normal liver tissues and
patient tumour tissues with HCC. A, Pie
chart representation of the number of
dysregulated non-coding RNAs during
HCC tissues. (Fold changes >2; P < .05).
B, Diagrammatic representation of the
different classes of IncRNAs dysregulated
during HCC. C-D, The expression of
IncRNA PLK4 was analysed by gRT-PCR in
HCC tissues and cells. Data are expressed
as mean = SD (n = 3); *P < .05 vs control,
**P < .01 vs control and ***P < .001 vs
control
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cells. Cell Counting Kit-8 assay showed that cell viability of hepato-
cyte remained unchanged under talazoparib (0-5 pmol/L) treatment,
whereas talazoparib obviously inhibited HepG2 cell viability at
1 pmol/L concentration (Figure 2A,B). Importantly, 5 pmol/L talazo-
parib could increase the expression of INcRNA PLK4 in HepG2 cells
significantly (Figure 2C). Next, IncRNA PLK4 was knocked down in
HepG2 cells, using three independent small interfering RNAs and we
obtained a significant knockdown efficiency (Figure 2D). The inhibi-
tory effect of talazoparib on HepG2 cell viability was significantly
ameliorated using siRNA-mediated down-regulation of IncRNA PLK4
(Figure 2E). Furthermore, we examined the cell cycle of HepG2
cells under talazoparib treatment by flow cytometry. As shown in
Figure 2F, HepG2 cells treated with talazoparib presented higher
proportions of S cells than control group. However, talazoparib-in-
duced S cell cycle arrest was rescued by administration of IncRNA
PLK4 siRNA (Figure 2F). Therefore, talazoparib-induced IncRNA
PLK4 has a critical role in suppressing HepG2 cell growth.

3.3 | Talazoparib induces HepG2 cell senescence

Cellular senescence is typically characterized by cell cycle arrest,
largely leading to the growth inhibition in senescent cells.*? Given
that talazoparib could induce S cell cycle arrest of HepG2 cells, we
detected the potential of talazoparib in HepG2 cell senescence. We
found that SA-p-gal-positive HepG2 cells increased significantly
under talazoparib treatment (Figure 3A). Besides, the result of real-

time PCR demonstrated that talazoparib could promote transcription

LO2 SMMC-7721

*x
*

*

HepG2

s Hok

*
LX2

of senescence-associated genes p16, p21 and Hmgal (Figure 3B).
Consistently, Western blotting and immunofluorescence analysis
of senescence markers further indicated that talazoparib induced
HepG2 cell senescence (Figure 3C,D). These results collectively sug-

gest that talazoparib induces cell senescence in HepG2 cells.

3.4 | Talazoparib-induced inactivation of YAP
promotes cellular senescence in HepG2 cells

The previous works including ours demonstrated that YAP was
associated with cellular senescence to regulate cell growth.ls'20
Our KEGG pathway analysis also indicated that the mRNA levels
of Hippo signalling pathway associated effectors were up-regu-
lated in HCC tissues (Figure S2). We first confirmed that whether
talazoparib altered YAP translation by Western blot analysis.
Talazoparib at 5 pmol/L concentration markedly down-regulated
the YAP expression (Figure 4A). Besides, immunofluorescence
staining showed that talazoparib could inhibit the effect of YAP
from the cytoplasm into the nucleus (Figure 4B). It is possible that
YAP may involve in the talazoparib-induced cellular senescence.
Next, we explored the role of YAP in cell viability. YAP CRISPR
activation plasmid significantly promoted cellular YAP expression,
suggesting a high transfection efficiency (Figure 4C). Interestingly,
the overexpression of YAP by transfecting YAP CRISPR activation
plasmid in HepG2 cells dramatically impaired the cell viability inhi-
bition by talazoparib (Figure 4D). Importantly, results of Western

blot analysis indicated that talazoparib contributed to senescence
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marker induction, but declined in HepG2 cells transfected with
YAP activation plasmid (Figure 4E). Consistent results were also
obtained from immunofluorescence staining of pl6, p21 and
Hmga1l (Figure 4F). Taken together, these findings show that tala-
zoparib promotes cellular senescence, associated with inactivation
of YAP in HepG2 cells.

3.5 | LncRNA PLK4 siRNA impairs talazoparib-
induced cellular senescence by activating YAP in
HepG2 cells

The molecular regulation networks between IncRNAs and YAP
in different diseases has attracted great attention.34-36 Here,
we assumed that IncRNA PLK4 induced by talazoparib regulated
the expression of YAP, which further stimulated the transcription
and translation of senescence-associated genes. To verify this
assumption, we first investigated whether IncRNA PLK4 partici-

pated in talazoparib-induced cellular senescence in HepG2 cells.

We assessed the senescence phenotype in HepG2 cells 24 hours
post INcRNA PLK4 siRNA transfection. SA-B-gal staining showed
that knockdown of IncRNA PLK4 reduced cell senescence induced
by talazoparib (Figure 5A). Western blot analysis for TERT was
used to assess telomerase activity. The result revealed that TERT
expression was weakened by IncRNA PLK4 siRNA in talazoparib-
treated HepG2 cells (Figure 5B). Similarly, the pre-treatment with
INcRNA PLK4 siRNA obviously impaired the talazoparib-induced
senescence-associated gene expression (Figure 5C and S3), prov-
ing that cellular senescence was IncRNA PLK4-dependent process.
Next, we investigated the effect of INcRNA PLK4 on YAP expres-
sion. As shown in Figure 5D,E, the inhibition of IncRNA PLK4 by
siRNA not only could markedly weaken talazoparib inhibition in
YAP expression, but also promote YAP into nucleus. Attractively,
luciferase assays demonstrated that talazoparib impaired the ac-
tivity of YAP, whereas IncRNA PLK4 siRNA enhanced the lucif-
erase activity (Figure 5F). Overall, these data confirm that IncRNA
PLK4 acts as the upstream mechanism of YAP inactivation to regu-

late talazoparib-induced cellular senescence in HepG2 cells.
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3.6 | Talazoparib inhibits cell
proliferation and promotes cell senescence in
hepatocellular carcinoma xenografts

To further investigate whether talazoparib could repress tumour
growth in vivo, a classical xenograft model in nude mice was built
through subcutaneous injection of Huh-7 cells. We found that talazo-
parib treatment formed smaller tumours in mice, compared to vertical
control group (Figure 6A,B). Besides, immunohistochemistry revealed
that tumour cell proliferation was markedly inhibited in talazoparib-
treated mice, illustrated by decreased Kié7-positive cells (Figure 6C).
Furthermore, the result of immunofluorescence showed that talazo-
parib could increase the expression of p21 and Hmga1l (Figure 6D,E),
reduce telomerase activity conversely in tumour tissue (Figure 6F), sug-
gesting that talazoparib promote tumour cell senescence. Importantly,
the indicated dosage of talazoparib did not cause damage to organs,
including heart, liver, spleen, lung and kidney (Figure S4). In addition,

we showed that YAP expression was significantly decreased in tumour

tissue under talazoparib treatment (Figure 6G). Therefore, our data
demonstrate that talazoparib inhibits tumour growth by repressing cell
proliferation and inducing cellular senescence in HCC, and talazoparib-

induced YAP inactivation may involve in this progress.

4 | DISCUSSION

Hepatocellular carcinoma is fundamentally a genetic disease, where
numerous alterations in DNA, RNA and proteins involve in the tu-
mour process.’” Researchers are devoting themselves to exploring

pharmacological induction of tumour cell death, such as apoptosis,38

senescencef5

autophagy39 and so on, in order to seek effective
strategies to treat HCC. In this study, we first identify the anti-tu-
mour effect of talazoparib. Importantly, we demonstrate that talaz-
oparib-induced IncRNA PLK4 could inhibit YAP signalling to further
promote HepG2 cell senescence, which is the vital molecular mecha-

nism that drug suppresses tumour cell proliferation.
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FIGURE 4 Inactivation of YAP is required for talazoparib to promote cellular senescence in HepG2 cells. HepG2 cells were treated with

DMSO (0.02%, w/v) or talazoparib at 5 pmol/L concentrations for 24 h. A, Western blot analyses of YAP expression. B, Immunofluorescence
staining for YAP expression. Scale bar, 50 um. HepG2 cells were stably transfected with YAP plasmid construction for 6 h and then treated
with the 5 pmol/L concentration of talazoparib for 24 h. C, Western blot analysis of the transfection efficiency. D, Cell Counting Kit-8 was
assayed for detecting the cell viability. E, Immunoblot analysis of p16, p21, Hmgal and y-H2AX was performed. F, The expression of p16,

p21 and Hmgal was assessed by immunofluorescence. Scale bar, 50 um.
#p < .05 vs talazoparib

LncRNA regulates the splicing and stability of mRNA, as
well as protein translation.*® Recent research has improved our

understanding of IncRNA function in liver diseases,2

partic-
ularly in HCC.*® Several specific IncRNA genes could function
as biomarkers of HCC diagnosis and prognosis, as well as ther-

apeutic intervention targets. Huang et al reported that IncRNA

Data are expressed as mean + SD (n = 3); ***P <.001 vs DMSO.

CDKN2B antisense RNA 1 (CDKN2B-AS1) positively regulated
tumour growth and microvascular invasion, representing high tu-
mour grade and reduced survival of HCC patients. Mechanismly,
CDKN2B-AS1 activated NAP1L1-mediated PISK/AKT/mTOR sig-
nalling by acting as a molecular sponge of let-7c-5p, affecting HCC

progress,44 Malakar et al found that IncRNA metastasis-associated
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FIGURE 5 LncRNA PLK4 siRNA impairs talazoparib-induced cellular senescence by activating YAP in HepG2 cells. HepG2 cells were
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lung adenocarcinoma transcript 1 (MALAT1) up-regulated the ex-
pression of glycolytic genes and down-regulated gluconeogenic
enzymes by enhancing the translation of the metabolic transcrip-
tion factor TCF7L2, which acts as a proto-oncogene in HcC.®
Wang et al showed that Inc-UCID (IncRNA up-regulating CDKé by
interacting with DHX9) could competitively bind DHX9 and se-
quester DHX9 from CDK6-3'UTR to increase CDKé expression
and promote HCC growth.*® Herein, we used IncRNA microar-
ray to demonstrate that IncRNA PLK4 expression was signifi-
cantly decreased in HCC biopsies, compared with normal group
(Figure 1A,B). Real-time PCR analysis also verified the results
(Figure 1C). The decreased IncRNA PLK4 was identified in both
SMMC7721 and HepG2 cells, as well as human HSC-LX2 cells
(Figure 1D). Our results indicate that IncRNA PLK4 may be a prom-
ising marker and intervention target for HCC.

Talazoparib, a novel highly potent PARP1/2 inhibitor, has advan-
tageous on metabolic stability, oral bioavailability and pharmacoki-

netic properties. Talazoparib could inhibit tumour cell proliferation

and metastasis, especially of breast cancer and small cell lung cancer
(SCLC).***® Talazoparib is recently in multiple phase Il and phase IlI
clinical trial and represents a promising anti-tumour drug.*’ However,
there are no studies on assessing the effect of talazoparib on HCC.
Herein, we investigated the role of talazoparib in HCC. Huh-7 cells
were subcutaneously injected in nude mice to form tumour xeno-
graft, as previous reported. We found that talazoparib could not only
impair HepG2 cell viability in vitro (Figure 2A), but also delay tumour
growth and inhibit tumour cell proliferation significantly (Figure 6A-
C). Interestingly, talazoparib dramatically up-regulated IncRNA PLK4
mRNA level (Figure 2C), whereas cell viability was resumed when
IncRNA PLK4 was genetically reduced by siRNA (Figure 2E). Besides,
talazoparib-induced S cell cycle arrest, and INcRNA PLK4 siRNA sig-
nificantly impaired the effect. We assumed that talazoparib might
trigger tumour cell senescence (Figure 2F). As expected, talazoparib
induced the senescence of HepG2 cells, illustrated by the accumula-
tion of SA-B-gal staining positive cells (Figure 3A) and the increased
expression of p16, p21 and Hmgal(Figure 3A-C).
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Recently, roles between IncRNA and cell senescence have been
recognized in tumorigenesis. How these two seemingly separate
functions are intertwined that remains unclear. Hippo kinase signal-
ling is inactivated in many cancers, playing important role in tumour

progression and invasion,’°-2 including HCC.>® A previous study

confirmed that the key molecule of Hippo kinase signalling, YAP,
increased resistance to RAF- and MEK-targeted cancer therapies.**
Sun et al reported that the mammalian homolog of Usp7, HAUSP,
could function as a vital therapeutic target for HCC by modulating

YAP ubiquitination and degradation,s5 Chen et al found that high
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FIGURE 7 Schematic diagram
illustrating that talazoparib modulated
IncRNA PLK4/YAP signalling axis to
regulate cell senescence in HepG2 cells
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mobility group box 1 (HMGB1) bound to GA-binding protein alpha
and promoted YAP expression, contributing to liver tumorigenesis
by inducing hypoxia-inducible factor 1 alpha (HIF1-a)-dependent
aerobic glycolysis.56 In this study, we demonstrated that talazo-
parib repressed the translation of YAP (Figure 4A). Besides, nu-
merous YAP could translocate from the nucleus to the cytoplasm
under the treatment of talazoparib (Figure 4B). Moreover, talazo-
parib-induced inhibition of cellular viability was resumed by YAP
overexpression plasmid (Figure 4D). Furthermore, YAP activation
could weaken the pro-senescent response of talazoparib in HepG2
cells, illustrated by decreased SA-p-gal-positive cells and the ex-
pression of p16, p21, Hmgal and y-H2AX (Figure 4E,F). In addition,
our experiments in vivo demonstrated that talazoparib promoted
tumour cell senescence and reduced YAP expression conversely
(Figure 6D-G). These discoveries collectively suggest that talazo-
parib-induced cell senescence by inhibiting YAP could repress tu-
mour cell growth, consistent with the previous study that increased
YAP delayed cellular senescence.?83% LncRNA up-regulation has
been gradually recognized as the mediator of promoting a strong
senescence phenotype, inhibiting cell growth.?” We also identified
that IncRNA PLK4 inhibition with siRNA markedly suppressed tala-
zoparib-induced pro-senescent response, as reduced by SA-p-gal-
positive cells (Figure 5A) and the expression of p16, p21 and Hmgal
(Figure 5C). It is well known that the reduction of telomerase activ-
ity and telomere length represents cell senescence.14 Our results
demonstrated that talazoparib induced a decrease of telomerase
activity, while IncRNA PLK4 siRNA significantly impaired the effect
(Figure 5B). Attractively, the inhibition of IncRNA PLK4 by siRNA
increased YAP expression markedly (Figure 5D,E). Luciferase assays
indicated that talazoparib impaired the activity of YAP, whereas
IncRNA PLK4 siRNA enhanced the luciferase activity (Figure 5F).
Thus, our data show that YAP inactivation serves as a downstream

event of IncRNA PLK4 down-regulation, and triggers tumour cell

and inhibited tumour cell growth

cytoplasm\

Nucleus

senescence, which might be the key mechanism that talazoparib in-
hibits hepatoma cell growth. It is urgent to further determine the
underlying mechanism of IncRNA PLK4 regulation in YAP inactiva-
tion in HCC cells.

In summary, our findings demonstrate that talazoparib has an an-
ti-cancer effect in HCC xenografts. Mechanistically, talazoparib inhib-
its tumour cell growth through promoting IncRNA PLK4 up-regulation
specifically, followed by YAP inactivation, ultimately leading to cellular
senescence of hepatoma cells. The senescence of tumour cells induced
by talazoparib may prove to be a potential strategy for the treatment of
HCC (Figure 7).

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foundation
of China (81270514, 31571455, 31600653, 31401210 and
81600483), University Science Research Project of Jiangsu Province
(16KJB310010), the Open Project Program of Jiangsu Key Laboratory
for Pharmacology and Safety Evaluation of Chinese Materia Medica
(JKLPSE 201502), the Project of the Priority Academic Program
Development of Jiangsu Higher Education Institutions (PAPD) and
Postgraduate Research & Practice Innovation Program of Jiangsu
Province (KYCX-181577).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

JY, JHH and GLY performed the experiments and analysed data.
Y.X, D.H and WFX are responsible for the collection of materials. J.Y
and ZSS drafted the work. CAP, Z.F and SJJ revised the intellectual
content of manuscript. SZT corrected some English and format mis-
takes. WSJ provided materials and technique supports. All authors

have read and approved the final manuscript.



JIAET AL

DATA AVAILABILITY STATEMENT
All data generated or analysed during this study are included in this

published article.

ORCID

Jiangjuan Shao

https://orcid.org/0000-0001-7658-9884

Shizhong Zheng https://orcid.org/0000-0002-7092-7843
REFERENCES
1. Sia D, Villanueva A, Friedman SL, et al. Liver cancer cell of origin,

10.

11.

12.

13.

14.

15.

16.

17.

18.

molecular class, and effects on patient prognosis. Gastroenterology.
2017;152(4):745-761.

Seehawer M, Heinzmann F, Dartista L, et al. Necroptosis micro-
environment directs lineage commitment in liver cancer. Nature.
2018;562(7725):69-75.

Kanwal F, Singal AG. Surveillance for hepatocellular carcinoma:
current best practice and future direction. Gastroenterology.
2019;157(1):54-64.

Ding ZY, Jin GN, Wang W, et al. Reduced expression of transcrip-
tional intermediary factor 1 gamma promotes metastasis and in-
dicates poor prognosis of hepatocellular carcinoma. Hepatology.
2014;60(5):1620-1636.

Wang KC, Yang YW, Liu B, et al. A long noncoding RNA maintains
active chromatin to coordinate homeotic gene expression. Nature.
2011;472(7341):120-124.

Batista PJ, Chang HY. Long noncoding RNAs: cellular address codes
in development and disease. Cell. 2013;152(6):1298-1307.

Bhan A, Soleimani M, Mandal SS. Long noncoding RNA and cancer:
a new paradigm. Cancer Res. 2017;77(15):3965-3981.

Wei C, Wu M, Wang C, et al. Long noncoding RNA Lnc-SEMT
modulates IGF2 expression by sponging miR-125b to promote
sheep muscle development and growth. Cell Physiol Biochem.
2018;49(2):447-462.

Shi X, Sun M, Liu H, et al. Long non-coding RNAs: a new frontier in
the study of human diseases. Cancer Lett. 2013;339(2):159-166.

Xu F, Li CH, Wong CH, et al. Genome-wide screening and func-
tional analysis identifies tumor suppressor long noncoding RNAs
epigenetically silenced in hepatocellular carcinoma. Cancer Res.
2019;79(7):1305-1317.

Ma M, Xu H, Liu G, et al. Metabolism-induced tumor activa-
tor 1 (MITA1), an energy stress-inducible long noncoding RNA,
Promotes Hepatocellular Carcinoma Metastasis. Hepatology.
2019;70(1):215-230.

Collado M, Blasco MA, Serrano M. Cellular senescence in cancer
and aging. Cell. 2007;130(2):223-233.

Martinez-Zamudio RI, Robinson L, Roux PF, et al. SnapShot: cellular
senescence pathways Cell. 2017;170(4):816-816.e811.

Herbig U, Ferreira M, Condel L, et al. Cellular senescence in aging
primates. Science. 2006;311(5765):1257.

lwagami Y, Huang CK, Olsen MJ, et al. Aspartate beta-hydrox-
ylase modulates cellular senescence through glycogen syn-
thase kinase 3beta in hepatocellular carcinoma. Hepatology.
2016;63(4):1213-1226.

Lu WJ, Chua MS, So SK. Suppressing N-Myc downstream regu-
lated gene 1 reactivates senescence signaling and inhibits tumor
growth in hepatocellular carcinoma. Carcinogenesis. 2014;35(4):
915-922.

Qu K, Xu X, Liu C, et al. Negative regulation of transcription factor
FoxM1 by p53 enhances oxaliplatin-induced senescence in hepato-
cellular carcinoma. Cancer Lett. 2013;331(1):105-114.

Rognoni E, Walko G. The roles of YAP/TAZ and the hippo path-
way in healthy and diseased skin. Cells. 2019;8(5):411. https://doi.
org/10.3390/cells8050411.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

WILEY--22

Moya IM, Halder G. Hippo-YAP/TAZ signalling in organ re-
generation and regenerative medicine. Nat Rev Mol Cell Biol.
2019;20(4):211-226.

Jin H, Lian N, Zhang F, et al. Inhibition of YAP signaling contributes
to senescence of hepatic stellate cells induced by tetramethylpyra-
zine. Eur J Pharm Sci. 2017;96:323-333.

White SM, Murakami S, Yi C. The complex entanglement
of Hippo-Yap/Taz signaling in tumor immunity. Oncogene.
2019;38(16):2899-2909.

ShiC, CaiY, LiV, et al. Yap promotes hepatocellular carcinoma me-
tastasis and mobilization via governing cofilin/F-actin/lamellipo-
dium axis by regulation of JNK/Bnip3/SERCA/CaMKIl pathways.
Redox Biol. 2018;14:59-71.

Wang Y, Fang R, Cui M, et al. The oncoprotein HBXIP up-regulates
YAP through activation of transcription factor c-Myb to promote
growth of liver cancer. Cancer Lett. 2017;385:234-242.

Perra A, Kowalik MA, Ghiso E, et al. YAP activation is an early event
and a potential therapeutic target in liver cancer development.
J Hepatol. 2014;61(5):1088-1096.

Zhu P, Wang Y, Wu J, et al. LncBRM initiates YAP1 signalling acti-
vation to drive self-renewal of liver cancer stem cells. Nat Commun.
2016;7:13608.

Ni W, Zhang Y, Zhan Z, et al. A novel IncRNA uc.134 represses he-
patocellular carcinoma progression by inhibiting CUL4A-mediated
ubiquitination of LATS1. J Hematol Oncol. 2017;10(1):91.

Wang J, Wang H, Zhang Y, et al. Mutual inhibition between YAP and
SRSF1 maintains long non-coding RNA, Malatl-induced tumouri-
genesis in liver cancer. Cell Signal. 2014;26(5):1048-1059.

He C, Lv X, Huang C, et al. YAP1-LATS2 feedback loop dictates se-
nescent or malignant cell fate to maintain tissue homeostasis. EMBO
Rep. 2019;20(3):e44948. https://doi.org/10.15252/embr.20174
4948

Furth N, Aylon Y, Oren M. p53 shades of Hippo. Cell Death Differ.
2018;25(1):81-92.

Xie Q, Chen J, Feng H, et al. YAP/TEAD-mediated transcription
controls cellular senescence. Cancer Res. 2013;73(12):3615-3624.
Lok BH, Gardner EE, Schneeberger VE, et al. PARP inhibitor ac-
tivity correlates with SLFN11 expression and demonstrates syn-
ergy with temozolomide in small cell lung cancer. Clin Cancer Res.
2017;23(2):523-535.

Jin H, Lian N, Bian M, et al. Oroxylin A inhibits ethanol-in-
duced hepatocyte senescence via YAP pathway. Cell Prolif.
2018;51(3):e12431.

Wang J, Pu J, Yao T, et al. Four long noncoding RNAs as potential
prognostic biomarkers for hepatocellular carcinoma. J Cell Physiol.
2019;234(6):8709-8716.

Zhuo W, Kang Y. Lnc-ing ROR1-HER3 and Hippo signalling in me-
tastasis. Nat Cell Biol. 2017;19(2):81-83.

Zheng X, Han H, Liu GP, et al. LncRNA wires up Hippo and
Hedgehog signaling to reprogramme glucose metabolism. EMBO J.
2017;36(22):3325-3335.

Di Cecilia S, Zhang F, Sancho A, et al. RBM5-AS1 is critical

for self-renewal of colon cancer stem-like cells. Cancer Res.
2016;76(19):5615-5627.

El-Serag HB, Rudolph KL. Hepatocellular carcinoma: epi-
demiology and molecular carcinogenesis. Gastroenterology.

2007;132(7):2557-2576.

Lu S, Zhou J, Sun Y, et al. The noncoding RNA HOXD-AS1 is a crit-
ical regulator of the metastasis and apoptosis phenotype in human
hepatocellular carcinoma. Mol Cancer. 2017;16(1):125.

Zhang H, Zhang Y, Zhu X, et al. DEAD box protein 5 inhibits liver
tumorigenesis by stimulating autophagy via interaction with p62/
SQSTM1. Hepatology. 2019;69(3):1046-1063.

Yang L, Wang H, Shen Q, et al. Long non-coding RNAs involved in
autophagy regulation. Cell Death Dis. 2017;8(10):e3073.


https://orcid.org/0000-0001-7658-9884
https://orcid.org/0000-0001-7658-9884
https://orcid.org/0000-0002-7092-7843
https://orcid.org/0000-0002-7092-7843
https://doi.org/10.3390/cells8050411
https://doi.org/10.3390/cells8050411
https://doi.org/10.15252/embr.201744948
https://doi.org/10.15252/embr.201744948

31
26 | wiLEy

a1.
42.
43.
44,
45.
46.
47,
48.

49.
50.

51.

JIAET AL

Guo J, Fang W, Sun L, et al. Ultraconserved element uc.372 drives
hepatic lipid accumulation by suppressing miR-195/miR4668 matu-
ration. Nat Commun. 2018;9(1):612.

Liu R, Li X, Zhu W, et al. Cholangiocyte-derived exosomal LncRNA
H19 promotes hepatic stellate cell activation and cholestatic liver
fibrosis. Hepatology. 2019;70(4):1317-1335.

Wong CM, Tsang FH, Ng IO. Non-coding RNAs in hepatocellular
carcinoma: molecular functions and pathological implications. Nat
Rev Gastroenterol Hepatol. 2018;15(3):137-151.

Huang Y, Xiang B, Liu Y, et al. LncRNA CDKN2B-AS1 promotes
tumor growth and metastasis of human hepatocellular carcinoma
by targeting let-7c-5p/NAP1L1 axis. Cancer Lett. 2018;437:56-66.
Malakar P, Stein |, Saragovi A, et al. Long noncoding RNA MALAT1
regulates cancer glucose metabolism by enhancing mTOR-mediated
translation of TCF7L2. Cancer Res. 2019;79(10):2480-2493.

Wang YL, Liu JY, Yang JE, et al. Lnc-UCID promotes G1/S transi-
tion and hepatoma growth by preventing DHX9-mediated CDKé
down-regulation. Hepatology. 2019;70(1):259-275.

Litton JK, Rugo HS, Ettl J, et al. Talazoparib in patients with ad-
vanced breast cancer and a germline BRCA mutation. N Engl J Med.
2018;379(8):753-763.

Laird JH, Lok BH, Ma J, et al. Talazoparib is a potent radiosensitizer
in small cell lung cancer cell lines and xenografts. Clin Cancer Res.
2018;24(20):5143-5152.

Turner NC, Telli ML, Rugo HS, et al. A phase Il study of talazopa-
rib after platinum or cytotoxic nonplatinum regimens in patients
with advanced breast cancer and germline BRCA1/2 mutations
(ABRAZOQ). Clin Cancer Res. 2019;25(9):2717-2724.

Yang XM, Cao XY, He P, et al. Overexpression of Rac GTPase ac-
tivating protein 1 contributes to proliferation of cancer cells by
reducing Hippo signaling to promote cytokinesis. Gastroenterology.
2018;155(4):pp. 1233-1249 e1222.

Cho YS, Zhu J, Li S, et al. Regulation of Yki/Yap subcellular local-
ization and Hpo signaling by a nuclear kinase PRP4K. Nat Commun.
2018;9(1):1657.

52.

53.

54.

55.

56.

57.

Holden JK, Cunningham CN. Targeting the Hippo pathway and
cancer through the TEAD family of transcription factors. Cancers.
2018;10(3):81. https://doi.org/10.3390/cancers10030081

Jeong SH, Kim HB, Kim MC, et al. Hippo-mediated suppression
of IRS2/AKT signaling prevents hepatic steatosis and liver cancer.
J Clin Invest. 2018;128(3):1010-1025.

Lin L, Sabnis AJ, Chan E, et al. The Hippo effector YAP promotes
resistance to RAF- and MEK-targeted cancer therapies. Nat Genet.
2015;47(3):250-256.

Sun X, Ding Y, Zhan M, et al. Usp7 regulates Hippo pathway
through deubiquitinating the transcriptional coactivator Yorkie. Nat
Commun. 2019;10(1):411.

Chen R, Zhu S, Fan XG, et al. High mobility group protein B1 con-
trols liver cancer initiation through yes-associated protein-depen-
dent aerobic glycolysis. Hepatology. 2018;67(5):1823-1841.
Keshavarz M, Asadi MH. Long non-coding RNA ES1 controls the
proliferation of breast cancer cells by regulating the Oct4/Sox2/
miR-302 axis. FEBS J. 2019;286:2611-2623.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Jia Y, Jin H, Gao L, et al. A novel
IncRNA PLK4 up-regulated by talazoparib represses
hepatocellular carcinoma progression by promoting YAP-
mediated cell senescence. J Cell Mol Med. 2020;24:5304-
5316. https://doi.org/10.1111/jcmm.15186



https://doi.org/10.3390/cancers10030081
https://doi.org/10.1111/jcmm.15186

