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Background: Abnormal construction of the extracellular matrix (ECM) is intimately linked with carcinogenesis
and the development of solid tumours, especially hepatocellular carcinoma (HCC). As the major component of
the ECM, collagen plays a pivotal role in carcinogenesis. P4HA2, the essential enzyme during collagen formation,
becomes an important target in HCC treatment. Here, we tried to decipher whether aspirin (ASA), a classic anti-
inflammatory drug, could improve the prognosis of HCC through targeting P4HA2.
Methods: Western blotting, qRT-PCR assay, immunofluorescence staining, luciferase reporter gene assay, and
ChIP assay were applied to demonstrate the molecular mechanism of the regulation of P4HA2 expression by as-
pirin. A mouse xenograft model, cell viability assay, colony formation assay, and immunohistochemistry analysis
were used to evaluate the anti-fibrosis effect of aspirin through targeting the NF-κB/P4HA2 axis and LMCD1-AS1/
let-7g/P4HA2 axis in vitro and in vivo. The TCGA databasewas used to evaluate the correlation among P4HA2, let-
7g, LMCD1-AS1 and overall survival of HCC patients.
Findings: In xenograft mice, aspirin was capable of targeting P4HA2 to decrease collagen deposition, resulting in
the inhibition of liver tumour growth. TCGA database analysis revealed the close association between a higher
P4HA2 concentration in HCC patients and shorter overall survival or a higher cancer stage and the pathological
grade. Mechanistically, NF-κB can bind to the promoter of P4HA2 to activate its transcription. Moreover, lncRNA
LMCD1-AS1 functions as a molecular sponge of let-7g to post-transcriptionally induce the target gene of let-7g,
namely, P4HA2.
Interpretation:Our findings disclose the novel role and regulatorymechanismof aspirin in the suppression ofHCC
by disrupting abnormal collagen deposition.
Funds: 973 Program, National Natural Scientific Foundation of China, Fundamental Research Funds for the Central
Universities, Project of Prevention and Control of Key Chronic Non-Infectious Diseases.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Aspirin
P4HA2
NF-κB
LMCD1-AS1
Let-7g
Collagen deposition
ellular carcinoma; ASA, aspirin;
gen prolyl 4-hydroxylase A sub-
ing RNA; miRNAs, microRNA;
hIP, chromatin immunoprecip-
hiazolyl tetrazolium; DMSO,
n-enhancer of activated B cells;
sis factor-α; siRNA, small inter-

), yelihong@nankai.edu.cn

. This is an open access article under
1. Introduction

Hepatocellular carcinoma (HCC) accounts for almost 90% of liver
cancer. Regardless of aetiology, HCC is a typical inflammation-related
cancer; chronic liver inflammation can transform to liver cirrhosis and
eventually lead to the development of tumours [1–3]. It is worthy to
note that the deposition of the extracellular matrix (ECM) plays a
momentous role in the fibrosis process [4–6]. The biochemical and bio-
physical properties of the ECMare pivotal for the integrity, nutrition and
differentiation of tumour cells. Moreover, the increased deposition of
the ECMand its stiffening lead to enhanced cell growth, survival, migra-
tion, adhesion, angiogenesis and consequently cancer progression [7,8].
The construction of the ECMcontains various types of collagen aswell as
other non-collagenous constituents, such as elastin,fibronectin, laminin
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Research in context
Evidence before this study

Chronic liver inflammation can transform to liver cirrhosis and
eventually lead to hepatocellular carcinoma (HCC), a typical
inflammation-related cancer. The deposition of the extracellular
matrix (ECM), especially for collagen, takes great part in the fibro-
sis and the associated-cancer. An essential enzyme for collagen
formation, collagen prolyl 4-hydroxylase α2 (P4HA2) is implicated
in the development of cancer. Recent research reveals the effect
of a classic anti-inflammation drug, aspirin, on cancer including co-
lorectal cancer, ovarian cancer, breast cancer, and prostate can-
cer. However, the role of aspirin in liver cancer treatment and its
target remain unclear.

Added value of this study

In this study,we found that aspirin resisted the collagen deposition
through targeting P4HA2, leading to the suppression of liver tu-
mour growth. In vitro and in vivo experiments revealed that in
aspirin-restrained HCC, NF-κB/p65, a classic downstream factor
of aspirin is responsible for the P4HA2 activation. Meanwhile,
lncRNA LMCD1-AS1 as a sponge sequestered let-7g and eventu-
ally induced one target gene of let-7g, P4HA2. TCGA database in-
dicated that the expression of P4HA2, let-7g and LMCD1-AS1 is
closely correlated with overall survival of HCC patients.

Implications of all the available evidence

This study identifies that aspirin suppresses collagen deposition
and subsequent liver tumour growth through targeting the axis
of NF-κB/P4HA2 and LMCD1-AS1/let-7g/P4HA2. This study
may provide positive evidence for the clinical use of aspirin in the
field of HCC prevention and therapy.
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and hyaluronic acid. The principle structural elements of the ECM
are, however, formed by collagen [9,10]. Collagen consists of inti-
mately related but characteristic extracellular constitutive proteins,
of which collagen type I, II and III are major types in different organs.
Collagen type I has been reported to participate in breast carcinoma
occurrence and development [11,12]. As the most abundant compo-
nent of the ECM, collagen contributes significantly to the mainte-
nance of the extracellular structure, resulting in stiffness and tensile
strength of tissue [13]. As tumour size increases, collagen fibres
straighten, bundle, and align, which provides a migration path for tu-
mour cells as they are reported to preferentially invade along aligned
collagen fibres, employing collagen as an ideal scaffold or matrix for
cell migration [14,15]. Furthermore, collagen deposition and tumour
tissue stiffness impede the diffusion of macromolecules and viral par-
ticles, consequently jeopardizing drug penetration and function
[16–18]. The therapy targeting collagen synthesis and stiffness may
shed light on novel therapeutic methods to treat solid tumour.

Aspirin, an anti-inflammatory drug, is widely applied in clinical ther-
apy. Recent years, its anti-cancer effect has been explored and applied in
the clinical treatment of colorectal cancer [19–21]. Aspirin therapy is
correlated with reduced risk, overall mortality and distant metastasis
of colorectal cancer [22]. It is also well studied in numerous cancers in-
cluding ovarian cancer, breast cancer, prostate cancer and others
[23–26]. Furthermore, a recent study involving a 26-year clinical
follow-up suggests that regular aspirin use is associated with reduced
HCC risk [27]. Aspirin, acting not as a lipotropic factor, prevents liver cir-
rhosis and carcinogenesis caused by a choline-deficient, L-amino acid-
defined diet in rats [28]. Additionally, the use of aspirin exhibits an
important antifibrotic property in CCl4-induced liver fibrosis in the rat
model [29]. A cross-sectional analysis using data from the National
Health andNutrition Examination Survey III indicated that the use of as-
pirin was associated with a significantly lower composite liver fibrosis
index in the United States [30]. Considering the important role of in-
flammation in HCC development, we are curious about the role of aspi-
rin in the development of collagen deposition-associated HCC. For the
collagen extracellular emission, the proper three-dimensional folding
of newly synthesized procollagen polypeptidemolecules into a collagen
triple helix is pivotal. It is essential for this process of collagen synthesis
and maturation that collagen prolyl 4-hydroxylase (P4H) catalyses the
hydroxylation of prolines that largely exist in the three α polypeptides
of collagen. Three isoforms of the P4HA subunit (P4HA1, P4HA2, and
P4HA3) form A2B2 tetramers with P4HB, resulting in P4H1, P4H2, and
P4H3 holoenzymes, respectively [31,32]. Recently, we found that
P4HA2 induces liver fibrosis and therefore HCC development [33]. How-
ever, it remains unclear whether P4HA2 is involved in aspirin-treated
HCC.

Over the past decade, new technologies have shown that the non-
coding RNAs (ncRNAs) have a tremendous impact on the regulation of
gene expression, the cell signalling pathway, and the development
and therapy of diseases including cancer [34,35]. Long ncRNAs
(lncRNAs) andmicroRNAs (miRNAs) are themost well-studied ncRNAs
in cancers. The most extensive function of the miRNAs is the degrada-
tion of mRNA or the inhibition of gene translation by binding to the
3'UTRs of the mRNAs [36]. Additionally, the lncRNAs can modulate
gene expression in a posttranscriptional manner by sequestering
miRNAs to keep them away from their target genes. Studies have
shown that aspirin regulates cell proliferation, apoptosis, migration
and other aspects through interfering with some transcription factors,
such as NF-κΒ, oestrogen receptor (ER) and p53 [37–39]. Meanwhile,
an increasing number of studies indicated the important role of miRNAs
such asmiR-9 andmiR-21 in aspirin-involved cancer treatment [40,41].
Based on the regulation of aspirin on non-coding RNAs and the impor-
tant role of miRNAs in affecting gene expression at the post-
transcriptional level, we wonder if there exists the potential lncRNA/
miRNA axis during the process of aspirin inhibiting P4HA2 expression.
In the present study, we are interested in searching for the aspirin-
targeted transcription factors and ncRNAs in HCC development induced
by collagen deposition via P4HA.

In this study, we aim to decipher the mechanism involved in the
aspirin-induced inhibition of collagen deposition-associated HCC. We
disclose the novel regulatory mechanism of P4HA2 expression which
includes the transcriptional regulation by NF-κΒ and post-
transcriptional regulation by LMCD1-AS1/let-7g. It is intriguing that as-
pirin could simultaneously decrease the level of P4HA2 via these two
pathways. Our findings could probably provide an effective therapeutic
strategy for HCC.
2. Materials and methods

2.1. Materials and cell lines

HepG2 and Huh-7 cell lines were acquired from the American Type
Culture Collection (ATCC, Rockville, MD, USA). HepG2-pcDNA was sta-
bly transfected with pcDNA3.1+ and HepG2-P4 was stably transfected
with pcDNA-P4HA2. All cell lines were cultivated in 10% foetal bovine
serum (FBS, Gibco, Waltham, MA, USA) supplemented with DMEM
media (Gibco) containing penicillin (100 U/mL) and streptomycin
(100 μg/mL) at 37 °C with 5% CO2. The reagents used in this study
were aspirin (Sigma-Aldrich), PDTC (Sigma-Aldrich, St. Louis, MO,
USA) and TNF-α (Peprotech, Suzhou, Jiangsu, China). The applied con-
centration of aspirin, PDTC and TNF-αwas indicated within the follow-
ing related method section.
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2.2. Primary hepatocyte cells

The tumour sample was obtained from the surgical ward, and the
information of the patient is supplied in Supplementary Table S2. The
tumour sections were cut into tiny pieces and transferred to incubating
dishes. The primary human hepatocytes were incubated in William's
medium E (Invitrogen) containing with penicillin (100 U/mL) and
streptomycin (100 μg/mL), 2 mM of L-glutamine, and, additionally,
with 10% FBS and 100 nM of dexamethasone for the first 12 h.

2.3. Plasmid construction and small interference RNAs (siRNAs)

The promoter region (from−1706 to−335) of P4HA2was obtained
and inserted into the pGL3-Basic vector (Promega, Madison, WI, USA)
using the KpnI/XhoI site, named pGL3-P0. To construct the luciferase re-
porter plasmids of the various truncated promoter regions of P4HA2,
the regions (-1302/-335, -932/-335, -609/-335 and -553/-335) were
inserted into the pGL3-Basic vector, named pGL3-P1, pGL3-P2, pGL3-
P3 and pGL3-P4, respectively. The mutant sequence of pGL3-P0 carried
a substitution of nucleotides within three binding sites of NF-κB/p65
that were constructed and named p65-mut 1 (site 1 mutated), p65-
mut 2 (site 2 mutated), p65-mut 3 (site 3 mutated) and p65-mut 1
+ 3 (site 1 and 3 dually mutated). All primers are listed in table S. The
3'UTR sequence of P4HA2 was constructed into the FseI/XbaI site,
which was the downstream of the luciferase gene in the pGL3-Control
vector (Promega), named pGL3-P4-UTR-wt. The site-directed mutant
of the let-7g target site in pGL3-P4-UTR-wt was named pGL3-P4-UTR-
mut. All primers are listed in Supplementary Table S1. The P4HA2 stably
overexpressed HepG2 cell line, i.e., HepG2-P4, was screened by G418
after transfection with the previously constructed plasmid pcDNA3-
P4HA2 [33]. The pcDNA-LMCD1-AS1 plasmid, all siRNAs, miRNAs, the
let-7g inhibitor, and the miRNA control mimics are purchased from
RiboBio and the sequences are listed in Supplementary Table S1.

2.4. Luciferase reporter gene assay

HepG2 cells were plated onto 24-well plates at a density of 4 × 104

cells perwell. The cellswere co-transfectedwith reporter gene plasmids
(pGL3-P0, pGL3-P1, pGL3-P2, pGL3-P3, pGL3-P4, p65-mut 1, p65-mut 2,
p65-mut 3, p65-mut 1+3, pGL3-P4-UTR-wt and pGL3-P4-UTR-mut) at
a dose of 100 ng/well and pRL-TK plasmids (40 ng/well) (Promega) and
corresponding siRNAs,miRNA andmiRNA inhibitors. The cells were col-
lected after 48 h and the luciferase activity was valuated according to
themanufacturer's instructions provided by Promega. Each experiment
was repeated at least three times.

2.5. Western blotting

The western blotting assay was performed as previously reported
[42]. Total proteins were extracted from the cells after corresponding
treatments, and the same amount of protein from each sample was
analysed. The primary antibodies, namely P4HA2, Col I, Col IV, p65
andβ-actin,were purchased fromProteintech (Chicago, IL, USA) and di-
luted as recommended by the instructions. Next, the secondary anti-
bodies such as goat anti-rabbit (Sigma-Aldrich) or anti-mouse
antibody (Sigma-Aldrich) were incubated with the blots and visualized
through Bio-Rad GelDoc system.

2.6. RNA extraction, RT-PCR and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol reagent as described pre-
ciously [43]. Reverse transcription was performed using poly (A)-tailed
total RNA and reverse transcription primer with ImPro-II Reverse Tran-
scriptase (Promega), according to the manufacturer's protocols. For
each sample, 1 μg RNA was reverse transcribed into cDNA. The mRNA
levels were measured by RT-PCR and qRT-PCR using the SYBR PCR
Master Mix (Takara, Dalian, China). The relative quantification of the
mRNAs was performed according to the comparative method (2-
△△Ct, Applied Biosystems User Bulletin no. 2P/N 4303859), and the
△Ct value for each sample was the average of triplicates. The specific
primers used in these experiments are listed in Supplementary Table S1.

2.7. Immunofluorescence staining

Cells were cultured on gelatin-coated glass coverslips for 24 h and
treated with aspirin (4mM), PDTC (30 μM), TNF-α (20 ng/ml) or corre-
sponding RNAs. Then, the cells were fixed in 4% paraformaldehyde for
20 min at 4 °C. After thrice washing the cells in PBS and permeabilizing
them in 2% Triton X-100 (Sigma-Aldrich), the cells were blocked with
2% foetal bovine serumalbumin (BSA, Sigma-Aldrich) for 30min. There-
after, the cells were incubated over night with 2% BSA and the P4HA2,
Col I or p65 antibodies at 4 °C. After incubation, the cells were washed
three times with PBS and incubated in 2% BSA with the anti-rabbit
IgG-PE secondary antibody at room temperature for 30 min. The sam-
ples were counterstained with DAPI and analysed using fluorescence
microscopy (BX63, Olympus).

2.8. Chromatin immunoprecipitation (ChIP) analysis

HepG2 cells were treated with aspirin (4 mM) or TNF-α (20 ng/ml)
as indicated in the figure legends. The cells were fixed with 1% formal-
dehyde and lysed, and then the DNA was sheared by sonication. Next
the DNA samples were precipitated and collected with normal mouse
IgG as the negative control, anti-RNA polymerase II as positive control
or anti-p65 antibody. Subsequently, the cross-linked DNA samples
were reversed and purified as templates for further PCR analysis. The
primers used in this experiment are listed in Supplementary Table S1.
The ChIP-enriched DNA analysed using qRT-PCR was normalized to
input DNA, and followed by subtracting the nonspecific binding deter-
mined by the control IgG.

2.9. Tumour xenograft assay

Five-week-old male BALB/c-nu/nu athymic nudemice were fed and
housed. All animal procedures were performed under the procedures of
the National Institutes of Health Guide for the Care and Use of Labora-
tory Animals. Tumours were established by subcutaneous injection of
indicated cell lines at the concentration of 2 × 107 cells/ml in 0.2 ml of
1:1 saline/Matrigel (BD Biosciences) mixture. Daily oral administration
of saline or aspirin at 75 mg/kg was initiated after the tumour size
exceeded 100 mm3 approximately 10–14 days after injection. Five
micewere assigned to each group. The tumour volume and bodyweight
of the mice were assessed every 3 days. The mice were sacrificed when
the tumour size reached approximately 1000mm3. The tumour volume
(V)was calculated using the following formula: (length ×width2)/2. No
side effects or mortality were observed in this experiment.

2.10. Histological analysis

The tumours from the mice who received the indicated treatment
were fixed with 4% paraformaldehyde and sectioned for further exper-
iments. Masson's trichrome staining was processed according to stan-
dard methods (Solarbio). For the immunohistochemical (IHC) assay,
the tissues were incubated with primary antibodies diluted as produc-
tion instruments at 4 °C overnight. Next day, the specimens were incu-
bated with biotinylated secondary antibody and then stained with 3,3′-
diaminobenzidine (DAB) and hematoxylin. The CTGF primary antibody
was purchased from Proteintech (Chicago, IL, USA) and diluted as rec-
ommended by the instruction. Digital images of 5 random regions
were taken for per tissue section. The staining of each sectionwas calcu-
lated using Image-Pro Plus software.
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2.11. MTT

The cell proliferation ability was determined using the MTT assay.
Cells were seeded onto 96-well plates with at least three replicates at
a density of 3000 cells per well. After 10 h of incubation to form a con-
fluentmonolayer, themediawere replacedwithmedia containing aspi-
rin (4 mM) and/or TNF-α (20 ng/ml) for another 24 h. Then, 10 μL MTT
[5mgmL−1 in phosphate buffered saline (PBS)] was added to eachwell.
Four hours later, the mediumwas removed, and theMTT formazanwas
dissolved in 150 μL DMSO per well. The absorbance values were mea-
sured at OD490nm using an absorbance reader.

2.12. Colony formation

For the clonogenicity analysis, the cells were seeded onto 12-well
plates at a density of 500 cells per well. Twenty-four hours later, differ-
ent treatments were administered. The cells were subsequently incu-
bated for another 15–20 days. After the formation of monoclonal
colonies, the cells were stained with crystal violet.

2.13. Statistical analysis

The results are expressed as the means ± standard deviation (SD).
Multiple comparisons were performed using one-way ANOVA followed
by the LSD as a post-hoc test. Significant differences between the two
groups were analysed using the Student's t-test. In this study, we used
Kolmogorov-Smirnov test and Shapiro-Wilk test to verify normal distri-
bution. When the data did not fit the normal distribution, Kruskal-
Wallis or Mann-Whitney test were applied. The non-significant differ-
encewasmarked asN. The criteria for statistically significant differences
were considered as follows: *P b 0.05; **P b 0.01; ***P b 0.001.

2.14. Public database

Public TCGA (https://portal.gdc.cancer.gov/) data repositories for
live hepatocellular carcinoma (LIHC) (Cancer Genome Atlas Network,
2014) and NCBI Gene Expression Omnibus (GEO) databases (GEO:
GSE76427 is available at https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE76427) were used as the sources for the sample data. For
the analysis of the LIHC TCGA sets, we used mRNA expression (by
RNA sequencing). The Kaplan-Meier method and log-rank test were
used to compare survival between the indicated groups identified by
themedian of themRNA levels. The primary clinical data of TCGA is pro-
vided in Supplementary Table S3.

3. Results

3.1. Aspirin reduces the collagen deposition-associated growth of liver tu-
mour in mice

Aspirin is reported to exert an anti-proliferative effect in multiple
cancers [21,44–46], yet its molecular mechanism needs to be further
clarified. To decipher this question, we performed a xenograft experi-
ment with the hepatocellular carcinoma (HCC) cell line HepG2, and
treated the tumour-bearingmicewith saline or aspirin (75mg/kg/day).
Administration with aspirin reduced the tumour size and weight
(Fig. 1A and B) without harming the body weight of the BALB/c-nu/nu
mice (Fig. 1C).Moreover, the decreased ratio of Ki 67 staining confirmed
weakened proliferation under aspirin treatment (Fig. 1D). Collagen fi-
bres are greatly implicated in the proliferation andmetastasis of cancers
[14]. In this current investigation, we are interested in whether the col-
lagen deposition takes part in the aspirin-inhibited growth of liver can-
cer.We observed obvious collagen deposition in theHepG2 group using
Masson's trichrome staining. Interestingly, aspirin treatment decreased
the deposition of collagen (Fig. 1E). Among several members of the col-
lagen family, collagen type I and IV were revealed to be closely
associated with the progression of many cancers [14,47,48]. Immuno-
blotting and immunohistochemistry (IHC) staining revealed that aspi-
rin could dampen the expression of collagen type I and IV in aspirin-
treated group (Fig. 1F and G) and could also impair the level of a
hepatocyte-derived markers of fibrogenesis, CTGF (Fig. 1H). Collec-
tively, we conclude that aspirin interrupts collagen deposition and fur-
ther fibrosis-associated liver tumour development.

3.2. Aspirin targets P4HA2 to hamper collagen synthesis in liver tumour
growth

To determine the genes that play a critical role in the suppression of
collagen deposition by aspirin, we analysed the expression of the P4HA
family in 371 cases of HCC patients from the TCGA and 228 cases of HCC
patients from GEO database. We found that among the P4HA family
members (P4HA1, P4HA2 and P4HA3), a higher level of P4HA2was sig-
nificantly associated with a shorter overall survival period of liver tu-
mour patients (Fig. 2A; Supplementary Fig. S1A). In 50 paired liver
tumour tissues and para-tumour tissues among 371 cases of HCC pa-
tients from TCGA database, only the level of P4HA2 mRNA was upregu-
lated (Supplementary Fig. S1B). Additionally, the level of P4HA2 mRNA
was gradually increased with the cancer stage and pathological grade
(Supplementary Fig. S1C and D). To study whether aspirin could affect
the expression of P4HA2,we evaluated the level of P4HA2 in the tumour
samples from mice of the aspirin-treated and control groups. Immuno-
blotting and IHC staining revealed that the expression of P4HA2was de-
creased in mouse tumours treated with aspirin (Supplementary Fig. S1,
E and F). Next, we investigated the effect of aspirin on P4HA2 in HCC
cells. We treated hepatoma HepG2 and Huh-7 cells with elevated con-
centrations of aspirin (0, 2, and 4mM). Our results revealed that the ex-
pression of both P4HA2 and its downstream protein, collagen type I
declined at the levels of mRNA and protein (Fig. 2, B and C; Supplemen-
tary Fig. S1, G and H). Immunofluorescence (IF) staining also showed
that aspirin treatment could decrease P4HA2 expression and the depo-
sition of collagen type I, the downstream protein of P4HA2 (Fig. 2D;
Supplementary Fig. S1I). These data validate P4HA2 as an attractive tar-
get for aspirin in HCC treatment.

To further confirm the role of P4HA2 in aspirin-reduced
tumourigenesis, we subcutaneously implanted HepG2 and P4HA2-
overexpressed HepG2 cell lines into the BALB/c-nu/nu mice, and then
the mice were treated with aspirin or saline as the control. We found
that the tumour size, volume and weight were elevated in the P4HA2
overexpression group compared with that in the HepG2 group, while
this elevation could be retarded by oral gavage of aspirin (Fig. 2, E and
F; Supplementary Fig. S1J). In accordance with the tumour growth
curve, the staining of Ki 67 showed activated-cell proliferation in the
P4HA2-overexpression group and impaired growth after administra-
tion of aspirin (Supplementary Fig. S1K). Masson's trichrome staining
(Fig. 2G), western blotting assay (Fig. 2H) and IHC staining (Fig. 2I) in-
dicated that P4HA2 overexpression induced the deposition of collagen
and aspirin treatment tempered this process. MTT assay also indicated
that aspirin could impair the enhanced proliferation of primary HCC
cells triggered by P4HA2 overexpression (Supplementary Fig. S1L).
Thus, our data imply that aspirin can destroy P4HA2-induced collagen
deposition to depress liver tumour growth.

3.3. NF-κB/p65 is responsible for activating the promoter of P4HA2 in
aspirin-regulated hepatoma

Taken a step further, we determined whether aspirin could regulate
the promoter activity of P4HA2. We predicted the promoter region of
P4HA2 (−1706 to −335) through the UCSC Genome Browser
(https://genome.ucsc.edu/) and cloned this region into the pGL3-basic
vector (named pGL3-P0). As shown in Fig. 3A, the luciferase activity crit-
ically declined along with the elevated concentration of aspirin in the
HepG2 cell line. We next constructed four truncated promoter regions

https://portal.gdc.cancer.gov/
ncbi-geo:GSE76427
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE76427
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE76427
https://genome.ucsc.edu/


Fig. 1. Aspirin reduces collagen deposition-associated growth of liver tumours inmice. HepG2 cells were implanted into BALB/c nudemice. (A) Tumours of the saline- and aspirin-treated
groupswere dissected andweighted 28 days after HCC cell implantation (n= 5). Scale bar, 1 cm. (B and C) The tumour growth curve (B) and the bodyweight (C) of mice under saline as
the control or aspirin treatment are shown. (D) Tumour sections were stained with Ki 67 antibody. The bar graph is the quantification of Ki 67 staining. Scale bar, 20 μm. (E) Masson's
trichrome staining of tumour sections (blue, collagen fibres; dark blue, nuclei; red, cytoplasm). Scale bar, 50 μm. (F) The levels of collagen type I and collagen type IV were detected by
western blotting; the bar graph shows the quantification of western blotting results. (G) IHC staining of collagen I and IV in saline- and aspirin-treated mice tumours is shown. Scale
bar, 20 μm. The data are representative of three independent experiments (means ± SD). (H) The protein level of CTGF in xenograft tumours were detected by IHC assay. Scale bar, 20
μm. ***P b 0.001; **P b 0.01; *P b 0.05.
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shorter than pGL3-P0, including−1302/−335 (pGL3-P1),−932/−335
(pGL3-P2), −609/−335 (pGL3-P3) and −553/−335 (pGL3-P4). Com-
pared with pGL3-P0, the inhibitory rate of aspirin on pGL3-P1, pGL3-
P2 and pGL3-P3 activity was inhibited. In addition, pGL3-P4 activity
showed a collapse under aspirin treatment, indicating that the frag-
ments −1706/−1302 and −609/−553 were probably the key regions
of the P4HA2 promoter upon aspirin treatment (Fig. 3B). Interestingly,
the prediction of the transcription factors on the key regions using the
JASPAR database and the ALGGEN website determined that NF-κB/
p65, a known target of aspirin, was the promising candidate since it
has three binding sites in the two core regulating regions. The use of
PDTC, the NF-κB/p65 inhibitor, could dose-dependently inhibit the ex-
pression of P4HA2 at both mRNA and protein levels, similar to the
aspirin-treated groups (Fig. 3C and Supplementary Fig. S2A). Moreover,
administration of the NF-κB/p65 activator, TNF-α, led to the enhanced
expression of P4HA2 and this enhancement could be inhibited by the
addition of aspirin via RT-PCR, immunoblotting and IF assays (Fig. 3, D
and E and Supplementary Fig. S2B).We further conducted a knockdown
experiment to confirm the role of NF-κB/p65 in the regulation of P4HA2
activation. The efficiencies of p65 siRNAs were estimated using RT-PCR
and western blotting (Supplementary Fig. S2. C), and the effective
siRNA, si-p65 #2, was used to perform further experiments. The results
of luciferase reporter gene assay (Fig. 3F), RT-PCR, western blotting
and IF assays (Fig. 3, G and H) revealed that the knockdown of NF-κB/
p65 by p65 siRNAs impaired the transcription and expression of
P4HA2. Analysis of the TCGA database also indicated the positive associ-
ation between the mRNA levels of P4HA2 and NF-κB/p65 (Supplemen-
tary Fig. S2D).

Next, we performed the ChIP assay to determine the direct binding
of NF-κB/p65 to the P4HA2 promoter. The data of RT-PCR and qRT-
PCR showed attenuated binding under aspirin treatment (Fig. 3I).
TNF-α, the NF-κB/p65 activator, could dose-dependently strengthen
the binding (Fig. 3J). Then, we tried to determine whether NF-κB/p65
binds to all three of the potential binding sites on the P4HA2 promoter.
We cloned the promoter region containingmutated NF-κB/p65 binding
sites individually (mut1, mut2 and mut3) as well as the dual mutation
of mut1 and mut3 (mut1 + 3). All the constructs were transfected
into the HepG2 cells. After using TNF-α, mut2 was capable of increasing
the luciferase activity of the P4HA2 promoter while mut1 and mut3
could not (Fig. 3K), which indicated that NF-κB/p65 activated the
P4HA2 promoter via binding to site1 and site3. All the above results
demonstrate that NF-κB/p65 functions as the transcription factor to
stimulate P4HA2 transcription and aspirin could inhibit P4HA2 expres-
sion by targeting NF-κB/p65.



Fig. 2.Aspirin targets P4HA2 to hamper collagen synthesis in liver tumour growth. (A) Kaplan−Meier analysis of the correlation between P4HA2 and the relapse free survival of 228 cases
of HCC patients from GEO database. (B) RT-PCR analysis of P4HA2 in HepG2 cells treated with aspirin at elevated concentrations (0, 2, 4 mM) is shown. The band graph shows the
quantification of RT-PCR results. (C) The levels of P4HA2 and collagen type I were tested using western blotting. The band graph shows the quantification of western blotting.
(D) Immunofluorescence analysis of P4HA2 and collagen type I in HepG2 cells under aspirin treatment. (E) Tumours from the indicated treatment groups were collected and weighted
32 days after HCC cell implantation (n = 5). Scale bar, 1 cm. (F) Growth curve of the tumours from the indicated groups. (G) Masson's trichrome staining of the tumour sections (blue,
collagen fibres; dark blue, nuclei; red, cytoplasm). (H) The levels of collagen type I and P4HA2 were detected by western blotting in mouse tumours from the indicated groups. (I) IHC
staining of P4HA2 and collagen type I in mouse tumours from the indicated groups is shown. The data are representative of three independent experiments (means ± SD). ***P b

0.001; **P b 0.01.
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3.4. Let-7g acts as a mediator of aspirin-reduced P4HA2 in liver tumour

Other than the regulation of transcription factors, microRNA
(miRNA) could modulate gene expression. Here, we predicted the
microRNAs targeting P4HA2 through TargetScan (http://www.
targetscan.org/), miRWalk (http://mirwalk.umm.uni-heidelberg.de/)
and microrna (http://microrna/home.do) (Supplementary Fig. S3A).
The qRT-PCR analysis identified that miR-495 and let-7g were the
mostly altered miRNAs under aspirin treatment (Supplementary
Fig. S3 B). We also conducted an analysis of 371 cases of HCC patient
data from the TCGA database. It's notable that the lower expression of
let-7g was significantly correlated with poor survival (Fig. 4A) and oc-
curred in tumour tissues in comparison with their normal counterparts
(Fig. 4B), while other predicted miRNAs including miR-30e, miR-494

http://www.targetscan.org/
http://www.targetscan.org/
http://mirwalk.umm.uni-heidelberg.de/
http://microrna/home.do
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and miR-495 are not (Supplementary Fig. S3, C and D). Based on the
website prediction and experimental analysis, let-7g and miR-495
were selected to perform a further study. We cloned the 3'UTR region
of P4HA2 mRNA into the pGL3-control plasmid to detect whether let-
7g andmiR-495 target P4HA2. As shown in Fig. 4C, the activity of the lu-
ciferase reporter gene gradually decreased alongwith the elevated dose
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of let-7g, while the administration of miR-495 did not change the lu-
ciferase activity, indicating that let-7g rather than miR-495 was the
miRNA targeting P4HA2. In addition, we confirmed the regulation of
let-7g on P4HA2 expression at mRNA and protein levels after the ad-
dition of let-7g mimic (Fig. 4, D and E and Supplementary Fig. S3E).
Meanwhile, the inhibition of let-7g with its inhibitor led to restored
P4HA2 expression (Fig. 4F and Supplementary Fig. S3F). Then, we
cloned pGL3-P4-UTR-mut, which contained a mutated let-7g binding
site (Supplementary Fig. S3 G). The application of let-7g suppressed
the luciferase activity of pGL3-P4-UTR-wt compared to that of pGL3-
P4-UTR-mut (Fig. 4G and Supplementary Fig. S3H). In parallel, the ad-
ministration of the let-7g inhibitor could not change the activity of
pGL3-P4-UTR-mut (Fig. 4H and Supplementary Fig. S3 I). Notably,
the addition of the let-7g inhibitor counteracted the inhibition of
pGL3-P4-UTR activity caused by aspirin (Fig. 4I and Supplementary
Fig. S3 J). Altogether, these results imply that let-7g can target the
3'UTR of P4HA2 mRNA to impede P4HA2 expression in aspirin-
suppressed HCC cells.
3.5. LncRNA LMCD1-AS1/let-7g axis participates in aspirin-decreased
P4HA2 expression in liver tumour

As we have demonstrated the regulation of let-7g on P4HA2 mRNA
expression, the mechanism of the upregulation of let-7g by aspirin
was to be determined. In a previous study, several lncRNAs were men-
tioned to be altered by aspirin treatment [49]. We performed screening
of those reported lncRNAs by analszing the TCGA database, and the ele-
vated expression of CFAP53, LMCD1-AS1 and GGT3P were related to an
adverse prognosis in HCC patients (Fig. 5, A and Supplementary Fig. S4,
A).We then detected the change in RNA levels of these three lncRNAs in
HepG2 cells after aspirin treatment (Fig. 5B), and only the level of
LMCD1-AS1 declined. Moreover, the prediction on the lncRNASNP
website (http://bioinfo.life.hust.edu.cn/lncRNASNP/) showed binding
between let-7g and LMCD1-AS1 (Fig. 5C) compared to the other two
lncRNAs. The TCGA-based analysis also revealed that the level of
LMCD1-AS1 was significantly higher in HCC tumour tissues compared
with their nontumour counterparts (Supplementary Fig. S4 B). The
HCC clinical stage and pathological grade were related to an elevated
expression of LMCD1-AS1 (Supplementary Fig. S4, C and D). Thus, we
hypothesize that lncRNA LMCD1-AS1 may be involved in the process
of the upregulation of let-7g by aspirin. To validate this hypothesis, we
conducted knockdown and overexpression experiments in the HepG2
cell line by transfecting si-LMCD1-AS1 (named si-LMAS) and pcDNA-
LMCD1-LMAS (named pcDNA-LMAS). The knockdown and overexpres-
sion of the LMCD1-AS1 dose dependently elevated and decreased the
level of let-7g (Fig. 5, D and E). Conversely, knockdown and overexpres-
sion of LMCD1-AS1 dose dependently impaired and stimulated the lu-
ciferase activity of pGL3-P4-UTR, respectively (Fig. 5, F and G), and
accordingly changed the expression of P4HA2 at the mRNA and protein
levels (Fig. 5, H and I). As shown in Fig. 5J, the introduction of LMCD1-
AS1 could increase the activity of pGL3-P4-UTR and the expression of
P4HA2, and this increase was blocked by the addition of let-7g. More-
over, the administration of the let-7g inhibitor could reverse the
pGL3-P4-UTR reporter gene activity and P4HA2 expression inhibited
by si-LMCD1-AS1 (Fig. 5K). Thus, we reveal that aspirin regulates the
P4HA2 expression by the LMCD1-AS1/let-7g axis.
Fig. 3.NF-κB/p65 is responsible for activating the promoter of P4HA2 in aspirin-regulated hepat
transfection. (B) Relative luciferase activity of the full-length promoter and the other four trun
treated with an elevated dose of aspirin or PDTC for 24 h; the bar graph shows the quantifi
treated with TNF-α alone or in combination with aspirin; the bar graph shows the quantificat
(30 μM) or TNF-α (20 ng/mL) treatment. (F) Luciferase reporter gene analysis of P4HA2 prom
(G and H) P4HA2 expression at the mRNA and protein levels was evaluated by RT-PCR, wes
sip65#2. (I and J) ChIP assay of the binding of NF-κB/p65 with the P4HA2 promoter region a
P4HA2 promoter activity after the NF-κB/p65 binding sites in the P4HA2 promoter were muta
0.001; **P b 0.01; *P b 0.05; N, not significant (Student's t-test).
3.6. Aspirin bates the axis of NF-kB/P4HA2 and LMCD1-AS1/let-7g/P4HA2
to block the growth of liver tumours in vitro and in vivo

Based on the findings of the role of NF-κB/p65 and LMCD1-AS1/let-
7g in aspirin-repressed P4HA2, we next verified the effect of these
two signals on cell proliferation usingMTT and colony formation assays.
We found that either TNF-α or LMCD1-AS1 was capable of accelerating
cell proliferation of liver cancer, and then TNF-α combined with
LMCD1-AS1 could lead to a greater promotion of cell proliferation. In-
triguingly, aspirin significantly stifled the increase in cell proliferation
induced by both TNF-α and LMCD1-AS1 (Fig. 6A). We observed that
there was an increase in colony numbers in the TNF-α-treated or
LMCD1-AS1-overexpressed group and more colonies existed in TNF-
α/LMCD1-AS1 treated group. In a further experiment, the colony forma-
tion ability of liver cancer cells was decreased after aspirin administra-
tion (Fig. 6B). At the same time, the RNA or protein levels of NF-κB/
p65, let-7g, and P4HA2 were evaluated (Fig. 6C). To further verify
aspirin-regulated NF-κB or LMCD1-AS1/let-7g in the growth of HCC
in vivo, we detected the levels of NF-κB/p65, let-7g and LMCD1-AS1 in
themice xenograftmodel. As expected, the decrease of NF-κB/p65 in tu-
mours from the aspirin-treated group was revealed using IHC (Fig. 6D),
western blotting (Fig. 6E) and real-time PCR assays (Fig. 6F). Addition-
ally, the levels of let-7g and LMCD1-AS1were correspondingly elevated
(Fig. 6G) and decreased (Fig. 6H) inmouse tumours after aspirin admin-
istration, respectively. In conclusion (Fig. 6I), aspirin depresses the col-
lagen deposition-associated growth of liver cancer through targeting
P4HA2 at both transcriptional and post-transcriptional levels. On the
one hand, aspirin restrains the transcription of P4HA2 by inactivating
the transcriptional factor of P4HA2, namely, NF-κB. On the other hand,
aspirin interferes with the interaction of lncRNA LMCD1-AS1 with
miRNA let-7g to release let-7g, leading to a decrease in the expression
of let-7g's target gene, P4HA2, in liver cancer cells. Finally, a decrease
in P4HA2 impedes the maturity and function of collagen, which further
affects cell proliferation in liver cancer.

4. Discussion

The development of HCC is frequently associated with inflammation
andfibrosis [50]. As is known,fibrosis is a process of ECMdeposition and
tissue stiffening [6]. Meanwhile, as the key component of the ECM, col-
lagen is capable of supporting tumour cell proliferation and impairing
the therapeutic efficacy of clinical drugs by obstructing the drug deliv-
ery after it is thickened. Nevertheless, there is no specific antifibrotic
pharmacological cure for liver conditions that is approved to be effective
to date. Targeting the pivotalmechanisms of liver fibrosismay provide a
novel solution for HCC treatment. Pathways involving extracellular ma-
trix synthesis, deposition and stabilization could be one of such candi-
date mechanisms [51]. Hydroxylating enzyme prolyl-4-hydroxylase
(P4H) and, cross-linking enzyme lysyl oxidase (LOX) could be consid-
ered as markers for collagen formation [13]. The inhibition of LOXL2, a
LOX homolog, shows potential antifibrotic effect in liver fibrosis in ani-
mal experiments [52]. However, the humanized anti-LOXL2 antibody
simtuzumab does not have an impaired effect on liver fibrosis in clinical
trials [53]. Our group found that onemember of the P4HA family, P4HA2
is implicated in the development of liver fibrosis-associated HCC [33].
Hence, targeting the P4HA family may be an alternative therapeutic
strategy for liver fibrosis-related HCC.
oma. (A) Luciferase reporter gene assay ofHepG2 cells treatedwith aspirin and/or pGL3-P0
cated promoter regions of P4HA2. (C) RT-PCR and western blotting assays of HepG2 cells
cation of the western blotting results. (D) RT-PCR and western blotting of HepG2 cells
ion of the western blotting results. (E) Immunofluorescence assay of P4HA2 under PDTC
oter activity in HepG2 cells transfected with p65 siRNAs including sip65#1 or sip65#2.
tern blotting (G) and immunofluorescence (H) assays in HepG2 cells transfected with
fter aspirin treatment (I) or TNF-α stimulation (J). (K) Luciferase reporter gene assay of
ted. The data are representative of three independent experiments (means ± SD). ***P b

http://bioinfo.life.hust.edu.cn/lncRNASNP/


Fig. 4. Let-7g acts as a mediator of aspirin-reduced P4HA2 in liver tumour. (A) Kaplan−Meier analysis of the correlation between let-7g and the overall survival of 371 HCC patients from
the TCGAdatabase. (B) TCGA analysis of let-7g expression in 50 paired tumour and para-tumour tissues. (C) Luciferase reporter gene assay of P4HA2 3'UTR aftermiRNA treatment. (D and
E)HepG2 cells were transfectedwith let-7g (50 nM) for 36 h. Then, RT-PCR, western blotting (D) and immunofluorescence (E)were performed to evaluate the change of P4HA2 atmRNA
and protein levels. (F) RT-PCR andwestern blotting assays of HepG2 cells treatedwith elevated concentration of let-7g inhibitor (50, 100 nM) or aspirin (4mM) in combinationwith anti-
let-7g (50 nM). (G) Luciferase reporter gene assay of HepG2 cells transfected with let-7g and pGL3-P4-UTR-wt or pGL3-P4-UTR-mut. (H) Luciferase reporter gene assay of HepG2 cells
transfected with anti-let-7g and pGL3-P4-UTR-wt or pGL3-P4-UTR-mut. (I) Luciferase reporter gene assay of pGL3-P4-UTR-wt activity in HepG2 cells treated with aspirin with or
without the presence of anti-let-7g is shown. All experiments were repeated at least three times independently. The data are representative of three independent experiments (means
± SD). ***P b 0.001; **P b 0.01; *P b 0.05; N, not significant (Student's t-test).
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Considering the manifold studies of aspirin as an antitumour agent
in colorectal cancer, ovarian cancer, breast cancer and prostate cancer,
we tried to evaluate the function of aspirin in the development of
HCC. We found that aspirin could suppress the growth of liver cancer
in vivo and impair the expression of matricellular protein CTGF, which
implied the change of ECM constituents. Interestingly, Masson's
trichrome staining showed that aspirin destroyed collagen deposition
in the suppression of liver cancer growth in the mouse model.
Immunoblotting and IHC assays revealed a decrease in the collagen
level in the mouse tumour with aspirin treatment, which further con-
firmed our finding. Based on the role of the P4HA family in collagen
maturation and fibrosis-associated liver cancer, we were wondering
whether the P4HA family was involved in aspirin-depressed liver can-
cer. Our analysis of the TCGA database exposed that out of the three
members of the P4HA family (P4HA1, P4HA2 and P4HA3), P4HA2 is up-
regulated in liver tumour tissues compared with the nontumour



Fig. 5. The lncRNA LMCD1-AS1/let-7g axis participates in aspirin-decreased P4HA2 expression in liver tumour. (A) Kaplan−Meier analyses of the correlation between LMCD1-AS1 and
overall survival of 371 patients with HCC from the TCGA database. (B) Expression of lncRNAs including CFAP53, LMCD1-AS1 and GGT3P in the control and aspirin-treated (4 mM)
groups was measured by RT-PCR. (C) The binding sequence of let-7g with LMCD1-AS1. (D and E) Quantitative real-time PCR and RT-PCR analysis of let-7g and LMCD1-AS1 in HepG2
cells transfected with LMCD1-AS1 siRNAs (si-LMCD1-AS1 #1 and si-LMCD1-AS1 #2) (D) or pcDNA-LMCD1-AS1 (E). (F and G) Luciferase activity analysis of P4HA2 3'UTR reporter
plasmid in HepG2 cells co-transfected with LMCD1-AS1 siRNAs (F) or pcDNA-LMCD1-AS1 (G). (H and I) RT-PCR and western blotting assays were performed to detect the expression
of P4HA2 after transfecting with si-LMCD1-AS1 #2 (H) and pcDNA-LMCD1-AS1 (I). (J and K) Luciferase reporter gene assay was performed to detect the activity of P4HA2 3'UTR
reporter plasmid after transfecting with pcDNA-LMCD1-AS1 (or pcDNA-LMCD1-AS1 combined with let-7g) (J) and si-LMCD1-AS1 #2 (or si-LMCD1-AS1 #2 combined with anti-let-7g)
(K). The data are representative of three independent experiments (means ± SD). ***P b 0.001; **P b 0.01; *P b 0.05.

177T. Wang et al. / EBioMedicine 45 (2019) 168–180
counterparts. Only increased P4HA2 was correlated with decreased
overall survival of 371 HCC patients and poor prognosis of HCC includ-
ing the tumour stage and pathological grade. Moreover, in vivo and
in vitro experiments further showed that aspirin could target P4HA2
and sabotage P4HA2-induced excessive growth of HCC alongwith colla-
gen deposition. Thus, our finding supports that aspirin is able to target
P4HA2 to reduce collagen deposition-associated HCC growth.

We were next interested in deciphering the underlying mechanism
of the aspirin-resistedHCC growth by reducing P4HA2. Reports have re-
vealed that aspirin can target some transcription factors, such as NF-κΒ,
ER and p53 to modulate cell proliferation, apoptosis, or migration
[37–39]. We observed that there were three binding sites of transcrip-
tion factor NF-κΒ in the promoter of P4HA2. Our further investigation
proved that as the transcription factor, NF-κB plays a pivotal part in
the P4HA2 transcription reduction by aspirin. In recent years, novel
targets includingmiRNAs and lncRNAs emerged as therapies for cancers
[36]. Herein, we were wondering if there exist any noncoding RNAs in-
volved in aspirin-inhibited collagen deposition in liver cancer progres-
sion. Sequence analysis, website predictions and in vitro experiments
indicated that tumour suppressor miRNA let-7g was capable of regulat-
ing the expression of P4HA2 and aspirin treatment could enhance the
level of let-7g. Our data later revealed that let-7g was able to bind to
the 3'UTR of P4HA2 mRNA to suppress its expression. These results in-
dicate that aspirin could restrain the expression of P4HA2 through aug-
menting the level of tumour suppressor let-7g.

We then proposed the question of how aspirin affected the let-7g
expression. Since lncRNAs can serve as molecular sponges to regulate
miRNAs through lncRNA-miRNA interaction, we focused on searching
for the appropriate lncRNAs in aspirin-depressed HCC by let-7g. We
first used the lncRNASNP website to search for several lncRNAs which



Fig. 6. Aspirin bates the axis of NF-κB/P4HA2 and LMCD1-AS1/let-7g/P4HA2 to block the growth of liver tumour in vitro and in vivo. (A and B) MTT assay (A) and colony formation assay
(B) of HepG2 and Huh-7 cell lines under treatment with the TNF-α, pcDNA-LMCD1-AS1, TNF-α+pcDNA-LMCD1-AS1, or TNF-α+ pcDNA-LMCD1-AS1 + aspirin. (C) Quantitative real-
time PCR, RT-PCR and western blotting assays were performed to detect the expression of let-7g, p65 and P4HA2 in HepG2 and Huh-7 cell lines after indicated treatment. (D and E) IHC
(D) and western blotting (E) detection of the level of NF-κB/p65 in mice tumour tissues from saline- and ASA-treated groups. (F to H) Quantitative real-time PCR detection of NF-κB/p65
(F), let-7g (G), or LMCD1-AS1 (H) expression inmice tumour tissues from saline- and ASA-treated groups. (I) Graphicmodel of aspirin (ASA)-ameliorated liver tumour development. As a
classic downstream factor of aspirin, NF-κB/p65 is able to activate the transcription of P4HA2. Meanwhile, lncRNA LMCD1-AS1 acts as a sponge to decrease the level of tumour suppressor
miRNA let-7g and subsequently enhances the target gene of let-7g, i.e., P4HA2. Aspirin suppresses collagen deposition and further liver tumour growth through targeting the axis NF-κB/
P4HA2 and LMCD1-AS1/let-7g/P4HA2. The data are representative of three independent experiments (means ± SD). ***P b 0.001; **P b 0.01; *P b 0.05.
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were mentioned in public studies to be possible targets [49]. Evaluation
of the structure of let-7g and those lncRNAs suggested that only one
lncRNA, i.e., LMCD1-AS1 has the possibility for forming sequence com-
plementary to the seed region of let-7g.Moreover, the TCGA analysis in-
dicated that the levels of LMCD1-AS1 in tumour tissues were higher
compared with that of their nontumour counterparts, and the elevated
expression of LMCD1-AS1 was related to a poor prognosis. The further
experiments testified that the knockdown and overexpression of
LMCD1-AS1 could correspondently interfere with the level of let-7g
and then the expression of its target gene, P4HA2 in liver cancer cells.
Functional experiments in vitro and in vivo demonstrated that combined
treatmentwith the NF-κB activator TNF-α and the ectopic expression of
LMCD1-AS1 could significantly elevate the expression of P4HA2, leading
to the accelerated-proliferation of HCC cells. Furthermore, the use of as-
pirin markedly reduced collagen accumulation and then retarded this
accelerated-proliferation in liver cancer.

In summary, our study uncovers a novel mechanism for aspirin-
ameliorated liver tumour development (Fig. 6I). In the aspirin-treated
HCCmodel, as a classic downstream factor, NF-κB/p65 is able to activate
the transcription of P4HA2. Meanwhile, lncRNA LMCD1-AS1 acts as a
sponge to decrease the level of tumour suppressor miRNA let-7g and
subsequently enhances the target gene of let-7g, i.e., P4HA2. Aspirin
suppresses collagen deposition and subsequent liver tumour growth
through targeting the axis of NF-κB/P4HA2 and LMCD1-AS1/let-7g/
P4HA2. Together with the analysis of the TCGA and GEO databases for
human HCC which reveals the significant association of P4HA2, let-7g
and LMCD1-AS1 with the prognosis of HCC patients, our study sheds
light on the clinical use of aspirin in liver cancer therapy.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.06.048.
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