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Abstract
Background Liver cancer is a frequent malignancy with poor prognosis. It has been reported that many
lncRNAs could regulate the progression of liver cancer. To identify potential therapeutic targets for liver
cancer, we conducted bioinformatics analysis of lncRNAs in tumor tissues and adjacent normal tissues.

Methods The differential expression of lncRNAs between liver cancer tissues and adjacent normal tissues
were examined by bioinformatics analysis. Cell proliferation was tested by CCK-8. Cell apoptosis in liver
cancer was detected by �ow cytometry. Gene and protein expression in liver cancer cells were measured
by q-PCR and Western-blot, respectively. Xenograft tumor model was established to verify the function of
LNC01234 on liver cancer in vivo.

Results LNC01234 was found to be notably upregulated in liver cancer tissues. In addition, knockdown of
LNC01234 signi�cantly inhibited the proliferation, invasion and induced the apoptosis of liver cancer
cells. Meanwhile, miR-513a-5p was a downstream target of LNC01234 and USP4 was a direct target of
miR-513a-5p. Moreover, downregulation of LNC01234 inhibited the tumorigenesis of liver cancer via
inactivating TGF-β signaling.

Conclusion Downregulation of LNC01234 could inhibit the progression of liver cancer, which may serve
as a potential novel target for treatment of liver cancer.

Introduction
Liver cancer is a common malignant tumor, with a 15–17% 5-year survival rate (1, 2). The prognosis of
patients with liver cancer is poor due to the high frequency of postoperative recurrence and metastasis
(3). Surgery is still the main treatment strategy. However, liver cancer patients are usually diagnosed at
advanced stages, so they often miss the optimal opportunity for surgical resection (4). Furthermore, liver
cancer is highly resistant to conventional chemotherapy and radiation therapy (5, 6). Currently,
clinicopathologic prognostic factors include TNM stage, tumor size, microvascular invasion, tumor
rupture, underlying cirrhosis, and multi-focality (7). In addition to these traditional clinical prognostic
factors, genetic biomarkers are novel indicators of liver cancer diagnosis and prognosis (8). Molecular
biomarkers can help predict patient prognosis (9), but there is still a lack of biomarkers for clinical
management of liver cancer. Therefore, it is necessary to adopt a comprehensive approach to identify
novel tumor biomarkers and explore potential molecular mechanisms.

LncRNAs are endogenous RNAs with a covalently closed cyclic structure (10). Intracellular lncRNAs with
competing endogenous RNAs (ceRNAs) activity may act as miRNA sponges through binding miRNAs
with MREs, which greatly inhibit the activity of miRNA and result in upregulating the expressions of genes
targeted by miRNA (11). Therefore, lncRNAs have been considered important biological regulators for
exploring the molecular mechanisms of multiple diseases and identifying therapeutic targets.
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Previous reports have indicated the importance of lncRNAs in modulating cancer-related signaling
pathways (12, 13). Moreover, lncRNAs may be related with types of malignant tumors and serve as key
factors for tumorigenesis of many cancers (14). However, the function of lncRNAs during the progression
of liver cancer remains to be further explored. In this research, we used a systemic bioinformatics
analysis to identify lncRNAs that are essential for the biological processes of liver cancer, which may
supply potential targets for the development of novel therapeutic strategies against liver cancer.

Material And Methods
Cell culture

Liver cancer cell lines (HepG2 and Huh-7) and 293T cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s Modi�ed Eagle’s Medium (DMEM,
Thermo Fisher Scienti�c, Waltham, MA, USA) with 10% FBS (Thermo Fischer Scienti�c), 1% penicillin and
streptomycin (Thermo Fisher Scienti�c) at 37°C, 5% CO2.

Bioinformatics analysis

One dataset (GSE113850) which contain the gene expression data liver cancer tissue and adjacent
normal tissue (controls) were obtained from GEO database (https://www.ncbi.nlm.nih.gov/geo/). The
relation between lncRNA/USP4 and tumor stage of liver cancer was analyzed. The survival curve was
calculated using the Cancer Genome Atlas (TCGA).

Quantitative real time polymerase chain reaction (qRT-PCR)

Total RNA was extracted from liver cancer cell lines using TRIzol reagent (TaKaRa, Tokyo, Japan)
according to the manufacturer's protocol. cDNA was synthesized using the reverse transcription kit
(TaKaRa, Ver.3.0) according to the manufacturer's protocol. Real-Time qPCRs were performed in triplicate
under the following protocol: 2 minutes at 94°C, followed by 35 cycles (30 s at 94°C and 45 s at 55°C).
The primer for LINC01234, miR-513a-5p, β-actin and U6 were obtained from GenePharma (Shanghai,
China). LINC01234: forward, 5’- CAGGACCTTCTGTGGGACTC-3’ and reverse 5’-
TCCAAAACTCCCCTTTCCCA-3’. MiR-513a-5p: forward, 5’- TGCGCTCAGCAAACATTTATTG-3’ and reverse
5’- CCAGTGCAGGGTCCGAGGTATT-3’. β-actin: forward, 5’-AGCGAGCATCCCCCAAAGTT-3’ and reverse 5‘-
GGGCACGAAGGCTCATCATT-3’. U6: forward, 5’-CGCTTCGGCAGCACATATAC-3’ and reverse 5’-
AAATATGGAACGCTTCACGA-3’. The relative fold changes were calculated using the 2-ΔΔCt method by the
formula: 2-(sample ΔCt – control ΔCt), where ΔCt is the difference between the ampli�cation �uorescent
thresholds of the gene of interest and the internal reference gene (U6 or β-actin) used for normalization.

Cell transfection

Lentiviral expressing short-hairpin RNA (shRNA1 or shRNA2) directed target LINC01234 and one
nontargeting sequence (negative control) were obtained from Hanbio Biotechnology Co., Ltd (Shanghai,
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China). Next, LINC01234 shRNA1 or shRNA2 was packaged into lentiviruses. Then the lentiviral vector
DNAs were then transfected into 293T cells including lenti-LINC01234 shRNAs and negative control (NC).
After transfection, the cells were incubated at 32˚C, and then the supernatant was collected. After that,
supernatants of two LINC01234 shRNAs and negative control were �ltered into particles. Finally, all liver
cancer cells were infected with lentiviral particles according to the manufactures’ protocol. After 48 h of
incubation, stable liver cancer cells were then selected by puromycin (2.5 μg/mL, Sigma Aldrich, St. Louis,
MO, USA). Green �uorescence and qRT-PCR were used to verify the e�ciency of transfection.

For miR-513a-5p transfection, liver cancer cells were transfected with miR-513a-5p agomir, miR-513a-5p
antagomir or NC by Lipofectamine 2000 according to the previous reference (15). MiR-513a-5p agomir,
miR-513a-5p antagomir and negative control RNAs were purchased from GenePharma (Shanghai, China).
The e�ciency of transfection was detected by q-PCR.

CCK-8 assay

Liver cancer cells were seeded in 96-well plates (5×103 per well) overnight. Then, cells were treated with
negative control (NC) or LINC01234 shRNA1 for 0, 24, 48 and 72 h, respectively. 10 μl CCK-8 reagents
were added to each well and further incubated for 2 h at 37°C. Finally, the absorbance of liver cancer cells
was measured at 450 nm using a microplate reader (Thermo Fisher Scienti�c).

Cell apoptosis analysis

Liver cancer cells were trypsinized, washed with phosphate buffered saline and resuspended in Annexin V
Binding Buffer, followed by staining with 5 μl FITC and 5 μl propidium (PI) in the system for 15 min. Cells
were analyzed using �ow cytometer (BD, Franklin Lake, NJ, USA) to test the cell apoptosis rate.

Cell invasion assay

For cell invasion analysis, transwell assay was performed in this study. The upper chamber is pre-treated
with 100 μl of Matrigel. Huh7 cells were seeded into the upper chamber in media with 1% FBS, and the
density was adjusted to about 1.0×106 cells per chamber. RPMI1640 medium with 10% FBS was added in
the lower chamber. After 24 h of incubation at 37°C, the transwell chamber was rinsed twice with PBS (5
min per time), �xed by 5% glutaraldehyde at 4°C and stained with 0.1% crystal violet for 30 minutes. The
transwell chamber was washed twice with PBS and then observed under a microscope. The number of
cells invading the Matrigel was regarded to be a re�ection of the invasion ability.

Dual luciferase reporter assay

The partial squences of LINC01234 and 3’-UTR of USP4 containing the putative binding sites of miR-
513a-5p were synthetized and obtained from Sangon Biotech (Shanghai, China), then were cloned into
the pmirGLO Dual-Luciferase miRNA Target Expression Vectors (Promega, Madison, WI, USA) to construct
wild-type reporter vectors LINC01234 (WT) and USP4 (WT), respectively. The mutant LINC01234
sequences and 3’-UTR of USP4 sequences containing the putative binding sites of miR-513a-5p were
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performed by Q5 Site-Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA, USA) and then cloned
into pmirGLO vectors respectively, to construct mutant-type reporter vectors LINC01234 (MUT) and USP4
(MUT). The LINC01234 (WT) or LINC01234 (MUT) was transfected into 293T cells together with control,
vector-control (NC) or miR-513a-5p agomir using Lipofectamine 2000 (Thermo Fisher Scienti�c)
according to the manufacturer's instructions. Similarly, the USP4 (WT) or USP4 (MUT) was transfected
into 293T cells together with control, vector-control (NC) or miR-513a-5p agomir. The relative luciferase
activity was analyzed by the Dual-Glo Luciferase Assay System (Promega).

RNA pull-down

For the RNA pulldown assay, the Biotin RNA Labeling Mix (Roche, Basel, Switzerland) was used to
transcribe and label probe-control or probe-LINC01234 from LINC01234 shRNA lenti vector in vitro. An
RNA structure buffer (Thermo, MA, USA) was used to induce secondary structure formation from the
biotin-labeled RNAs. Streptavidin beads (Thermo) were washed three times with 500 μL of RNA
immunoprecipitation wash buffer (Thermo) and then added to the biotinylated RNAs at 4°C overnight.
The overnight mixture was separated by a magnetic �eld so that streptavidin bead-RNA complexes could
be obtained. Then, lysates of liver cancer cells were added to the complexes and incubated on a rotator at
room temperature for one hour. The incubated mixture was again separated with a magnetic �eld so that
streptavidin bead-RNA-protein complexes could be obtained.

Wound healing assay

Huh-7 cells were plated into a 24-well Cell Culture Cluster, and were allowed to grow to 80-90%
con�uence. Then, cells were underlined perpendicular to the cell culture plate with a small pipette head.
After washing with PBS 3 times, serum-free medium was used for further culture, and the scratch widths
at 0 and 48 h were recorded under an optical microscope. The experiment was repeated 3 times.

Immuno�uorescence

Liver cancer cells or tumor tissues of mice were pre�xed in 4% paraform for 10 min, and �xed in pre-cold
methanol for another 10 min. Next, cells were incubated with primary antibodies overnight at 4°C: anti-
Ki67 (Abcam; 1:1000), anti-Smad4 (Abcam; 1:1000) and DAPI (Abcam; 1:1000). Goat anti-rabbit IgG
antibody (Abcam; 1:5000) was used as the secondary antibody. The samples were visualized by
�uorescence microscope (Olympus CX23, Tokyo, Japan) immediately.

Western-blot detection

Total protein was isolated from cell lysates or tumor tissues by using RIPA buffer, and quanti�ed by BCA
protein assay kit (Beyotime, Shanghai, China). Proteins were resolved on 10% SDS-PAGE, and then
transferred to PVDF (Bio-Rad) membranes. After blocking, the membranes were incubated with primary
antibodies at 4°C overnight, then incubated with secondary anti-rabbit antibody (Abcam; 1:5000) at room
temperature for 1 h. Membranes were scanned by using an Odyssey Imaging System and analyzed with
Odyssey v2.0 software (LICOR Biosciences, Lincoln, NE, USA). Then, the primary antibodies used in this
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study as follows: anti-E-cadherin (Abcam, Cambridge, MA, USA; 1:1000), anti-vimentin (Abcam; 1:1000),
anti-α-SMA (Abcam; 1:1000), anti-smad2 (Abcam; 1:1000), anti-smad3 (Abcam; 1:1000), anti-USP4
(Abcam; 1:1000), anti-cleaved caspase 3 (Abcam; 1:1000), anti-Akt (Abcam; 1:1000), anti-ERK (Abcam;
1:1000) and anti-β-actin (Abcam; 1:1000). β-actin was used as an internal control.

In vivo study

18 BALB/c nude mice (6-8 weeks old) were purchased from Vital River (Beijing, China). The mice were
housed within a dedicated SPF facility. Huh7 stable expressed LINC01234 shRNA1 cells were
transplanted subcutaneously in each mouse according to the previous reference (16). The tumor volume
was measured weekly according to the reference (17). At the end of the experiments, mice were sacri�ced
and the tumors were collected and weighted. The expression of p-smad2 and p-smad3 were detected by
immunohistochemistry (IHC) staining as previously reported (18). All in vivo experiments were performed
in accordance with National Institutes of Health guide for the care and use of laboratory animals,
following a protocol approved by the Ethics Committees of East China University of Science and
Technology.

TUNEL staining

Apoptosis was also determined by the TUNEL assay according to the manufacturer's instructions. Brie�y,
para�n sections were washed, permeabilized, and then incubated with 50 μl TUNEL reaction mixtures in
a wet box for 60 min at 37°C in the dark. For signal conversion, slides were incubated with 50 μl of
peroxidase (POD) for 30 min at 37°C, rinsed with PBS, and then incubated with 50 μl diaminobenzidine
(DAB) substrate solution for 10 min at 25°C. Finally, the expression of apoptotic cells was observed under
an optical microscope.

Statistical analysis

Each group were performed at least three independent experiments and all data were expressed as the
mean ± standard deviation (SD). Differences were analyzed using Student’s t-test (only 2 groups) or one-
way analysis of variance (ANOVA) followed by Tukey’s test (more than 2 groups, Graphpad Prism7).
P<0.05 was considered to indicate a statistically signi�cant difference.

Results
Differentially expressed lncRNAs in liver cancer

To detect differentially expressed lncRNAs in hepatic carcinoma, we performed a bioinformatics analysis.
As indicated in Figure 1A, lncRNAs differentially expressed as compared to normal tissues in the
GSE113850 dataset were presented as volcano plots. In addition, differentially expressed lncRNAs
among normal and tumor tissues were also presented in TCGA (Figure 1B). Overlap among GSE113850
dataset was illustrated by the Venn diagram in Figure 1C. Among the differentially expressed lncRNAs,
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167 were upregulated, while 59 were downregulated in GSE113850. Moreover, LINC01234 was closely
correlated with the tumorigenesis of hepatic carcinoma. Thus, LINC01234 was selected for further study.

The expression of LINC01234 was signi�cantly upregulated in liver cancer tissues, compared to normal
tissues (Figure 1D). In addition, LINC01234 expression in tissues of advanced liver cancer was obviously
enhanced, compared to stage I/II liver cancer tissues (Figure 1E). Besides, the result of overall/disease
free survival analysis showed that LINC01234 was closely associated with poor survival of hepatic
carcinoma (Figure 1F and 1G). These results suggested that LINC01234 was upregulated in hepatic
carcinoma.

LINC01234 silencing signi�cantly decreased the proliferation of liver cancer cells

In order to detect the e�ciency of cell transfection, green �uorescence was used. As showed in Figure 2A
and 2B, the results indicated that LINC01234 shRNA1 and shRNA2 were stably transfected into liver
cancer cells. In addition, the results were further veri�ed by q-PCR (Figure 2C). Since LINC01234 shRNA1
exhibited better transfection e�ciency, it was therefore used in subsequent experiments. Next, CCK-8 and
Ki-67 staining were performed to test the cell proliferation of hepatic carcinoma. As demonstrated in
Figure 2D-2G, the proliferation of Huh-7 and HepG2 cells were signi�cantly inhibited by downregulation of
LINC01234. Meanwhile, Huh-7 cells were more sensitive to LINC01234 shRNA1 than HepG2 cells, Huh-7
cells were used in the following experiments. Taken together, LINC01234 silencing signi�cantly decreased
the proliferation of liver cancer cells.

LINC01234 sponged miR-513a-5p

For the purpose of exploring the mechanism by which LINC01234 mediated the progression of liver
cancer, Starbase (http://starbase.sysu.edu.cn/) was performed. As showed in Figure 3A, miR-513a-5p
might be the downstream target of LINC01234. In addition, miR-513a-5p agomir/antagomir was stably
transfected into Huh-7 cells (Figure 3B). Meanwhile, the result of dual luciferase report assay and RNA
pull-down con�rmed that LINC01234 could bind to miR-513a-5p (Figure 3C and 3D). To �nd the target of
miR-513a-5p, targetscan (http://www.targetscan.org/vert_71/) and dual luciferase were used. As revealed
in Figure 3E and 3F, miR-513a-5p directly targeted USP4. Additionally, the expression of USP4 in tissues
of hepatic carcinoma was greatly increased (Figure 3G). Meanwhile, USP4 was more closely correlated
with advanced liver cancer (Figure 3H). Altogether, LINC01234 could bind to miR-513a-5p.

Knockdown of LINC01234 signi�cantly suppressed the progression of hepatic carcinoma in vitro

Then, �ow cytometry was performed to detect the cell apoptosis. As revealed in Figure 4A,
downregulation of LINC01234 notably induced the apoptosis of Huh-7 cells. In addition, the data of
wound healing and invasion assay indicated that knockdown of LINC01234 greatly inhibited the
migration and invasion of liver cancer cells (Figure 4B and 4C). Furthermore, western blot was used to
detect the expressions of EMT-related proteins in Huh-7 cells. The results showed that the expression of E-
cadherin in Huh-7 cells was signi�cantly upregulated by LINC01234 shRNA1. In contrast, knockdown of
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LINC01234 greatly decreased the expression of vimentin and α-SMA in liver cancer cells (Figure 4D). To
sum up, knockdown of LINC01234 signi�cantly suppressed the progression of hepatic carcinoma in vitro.

Downregulation of LINC01234 notably inhibited the tumorigenesis of hepatic carcinoma via mediation of
miR-513a-5p/USP4/TGF-β1 axis

In order to investigate the protein expressions in liver cancer cells, western blot was used. As indicated in
Figure 5A and 5B, the expressions of USP4, p-Smad2 and p-Smad3 in Huh-7 cells were signi�cantly
downregulated in the presence of LINC01234 shRNA1, which were partially rescued by miR-513a-5p
antagomir. In addition, the expression of Smad4 in cytoplasm of Huh-7 cells was signi�cantly decreased
by downregulation of LINC01234. However, miR-513a-5p antagomir notably suppressed the inhibitory
effect of LINC01234 shRNA on Smad4 expression (Figure 5C). Moreover, LINC01234 shRNA1 greatly
suppressed the expressions of p-Akt and p-ERK in Huh-7 cells. In contrast, cleaved caspase 3 in Huh-7
cells was activated in the presence of LINC01234 downregulation. However, downregulation of miR-513a-
5p partially reversed the effect of LINC01234 shRNA1 on these proteins (Figure 5D and 5E). In summary,
downregulation of LINC01234 notably inhibited the tumorigenesis of hepatic carcinoma via mediation of
miR-513a-5p/USP4/TGF-β1 axis.

Knockdown of LINC01234 notably attenuated the symptom of hepatic carcinoma in vivo through
suppression of TGF-β signaling

Finally, to detect the effect of LINC01234 on liver cancer in vivo, xenograft mice model was established.
As showed in Figure 6A and 6B, tumor sizes of mice were signi�cantly decreased by downregulation of
LINC01234. Similarly, knockdown of LINC01234 notably downregulated the tumor weights of mice
(Figure 6C). Meanwhile, the expression of LINC01234 in tissues of mice was greatly inhibited by
LINC01234 knockdown (Figure 6D). Furthermore, the data of Ki-67 and TUNEL staining demonstrated
that tumor growth of mice was obviously suppressed in the presence of LINC01234 downregulation
(Figure 6E-6H). Consistently, p-Smad2 and p-Smad3 in tumor tissues of mice were notably inactivated by
LINC01234 silencing (Figure 6I and 6J). Altogether, knockdown of LINC01234 notably attenuated the
symptom of hepatic carcinoma in vivo.

Discussion
LncRNAs are a group of noncoding RNAs widely distributed in humans (19) which are different from
linear noncoding RNAs such as miRNAs. It has been reported that lncRNAs may mediate upregulation or
downregulation of gene expression and, despite being classi�ed as noncoding, may also encode proteins
(20). Moreover, lncRNAs are stable and widely expressed in many tumor tissues (21, 22). These
backgrounds suggest the possibility that lncRNAs may be involved in paracrine signaling or cell-to-cell
crosstalk. Our �ndings indicate that LINC01234 downregulation could suppress hepatic carcinoma cell
proliferation and induce apoptosis, which is consistent with earlier reports indicating that lncRNAs
regulate the progression of liver cancer (23, 24). These �ndings suggest that LINC01234 likely acts to
promote tumorigenesis of liver cancer, particularly during the advanced stages of the disease. In addition,
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we �rstly found the function of LINC01234 in hepatic carcinoma. This may make LINC01234 an
important biomarker for diagnosis of liver cancer.

MiRNAs are known to play important roles in the progression of multiple diseases, including hepatic
carcinoma (25, 26). We found that a miR-513a-5p antagomir partially reversed the inhibitory effect of
LINC01234 knockdown on liver cancer. Yang L et al reported that miR-513a-5p induces downregulation of
retinoblastoma cells proliferation and induce apoptosis (27). Our �ndings suggested miR-513a-5p was
also a key regulator of liver cancer progression. In addition, Zhu Y et al demonstrated that MRVI1-AS1
enhances nasopharyngeal cancer malignancy by sponging miR-513a-5p (28). These results are similar to
our present �ndings, indicating that LINC01234 knockdown suppresses the tumorigenesis of hepatic
carcinoma by sponging miR-513a-5p. Otherwise, a previous report indicated that LINC01234 silencing
could exert an anti-oncogenic effect in esophageal cancer cells through sponging miR-193a-5p (29). This
difference may result from the different tumor type.

It was recently suggested that USP4 plays a key role in multiple malignant tumors (30, 31). In addition,
USP4 reportedly mediates cell proliferation, survival and metastasis (32, 33). Our �ndings �rstly indicated
that USP4 is a direct target of miR-513a-5p. It has been previously con�rmed that USP4 could act as a
tumor promoter in liver cancer (34). These results further implicate USP4 in the development of liver
cancer; indeed, it suggests USP4 a key promoter in the occurrence of liver cancer. Moreover, Jiang W et al
indicated that miR-148a dysregulation could discriminate poor prognosis of hepatocellular carcinoma in
association with USP4 overexpression (35). Our result was consistent to this previous study, con�rming
that LINC01234 could mediate the progression of liver cancer via indirectly targeting USP4.

TGF-β signaling plays a key role in various kinds of diseases, including malignant tumors (36, 37). It has
been reported that TGF-β can activate Smad2 and Smad3 (38). Moreover, multiple studies have found
that Smad4 loss on its own does not initiate tumor formation, but can promote �brosis initiated by other
genes, such as KRAS activation in pancreatic duct adenocarcinoma and APC inactivation in renal
diseases (39). In this study, we found that LINC01234 knockdown downregulated the expression of p-
Smad2, p-Smad3 in liver cancer cells. In addition, LINC01234 silencing also increased the expression of
Smad4 in Cytoplasma of Huh-7 cells. Based on these data, the mechanism underlying the anti-tumor
effects of LINC01234 knockdown was associated with the inactivation of TGF-β signaling pathway.
According to Zhang J et al, USP4 inhibition can lead to inactivation of TGF-β signaling pathway (33). Our
current research was consistent to this data, suggesting that LINC01234 could modulate the
tumorigenesis of liver cancer via mediation of USP4/TGF-β axis.

Besides, we also found that the expression of E-cadherin, α-SMA and vimentin were notably regulated in
Huh-7 cells. E-cadherin, α-SMA and vimentin played important roles in EMT process (40). Huang K et al
has revealed that activation of TGF-β signaling could enhance the EMT process (41). Our results were
consistent to these �ndings, suggesting that TGF-β signaling could promote EMT process during the
�brosis. Based on these data, LINC01234 has a potential ability for promoting liver cancer through
activation of TGF-β1/EMT signaling.
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Components of the PI3K/Akt pathway are targeted in more types of cancer than any other growth factor
signaling pathway, and it is commonly activated as a cancer promoter (42). In our current research,
LINC01234 knockdown signi�cantly inactivated PI3K/Akt signaling. An earlier report similarly found that
inactivation of PI3K/Akt signaling contributes to cancer cell apoptosis (43). Moreover, our �ndings
suggested that knockdown of LINC01234 inactivated EMT process in liver cancer cells. Xiao L et al
revealed that USP4 could activate PI3K/Akt to regulate the progression of peritoneal dialysis (44).
Moreover, activation of PI3K/Akt could cause the upregulation of EMT process (45). Together with that
report, our results suggested that USP4 promotes EMT process in liver cancer through activation of
PI3K/Akt. Frankly speaking, in vivo study in this research only focused on the effect of LINC01234 on
TGF-β signaling so far. Thus, we will investigate the effect of LINC01234 on PI3K/Akt signaling in vivo in
a future study.

To sum up, LINC01234 was upregulated in liver cancer. In addition, LINC01234 knockdown could inhibit
the growth, migration and invasion of liver cancer cells. LINC01234 mediated the tumorigenesis of liver
cancer through mediation of miR-513a-5p/USP4 axis, which may act as a key biomarker for diagnosis
and treatment of liver cancer.
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Figures

Figure 1

Differentially expressed lncRNAs in liver cancer. (A) Volcano plots illustrating the lncRNAs differentially
expressed in hepatic carcinoma detected in the GSE113850 dataset. Red indicates a higher expression
level, while blue indicates a lower expression level. (B) Differentially expressed lncRNAs among normal
and liver cancer tissues were presented by TCGA. (C) Venn diagram showing the overlap among the
differentially expressed lncRNAs in the GSE113850 dataset. (D) The expression of LINC01234 in normal
or tumor tissues was detected by TCGA. (E) The expression of LINC01234 in different stages of liver
cancer tissues was investigated by TCGA. (F, G) Overall and disease free survival of hepatic carcinoma
were analyzed by TCGA.



Page 16/20

Figure 2

LINC01234 silencing signi�cantly decreased the proliferation of liver cancer cells. Huh-7 cells were
transfected with LINC01234 shRNA1/shRNA2 for 24 h. Then, (A, B) the e�ciency of cell transfection was
detected by green �uorescence staining. (C) The expression of LINC01234 in liver cancer cells was
detected by q-PCR. The proliferation of (D) Huh-7 or (E) HepG2 cells was detected by CCK-8 assay. (F, G)
Ki-67 staining was performed to test the proliferation of Huh-7 and HepG2 cells. Red indicates the Ki-67
staining. Blue indicates DAPI staining. **P< 0.01 compared to control.
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Figure 3

LINC01234 sponged miR-513a-5p. (A) Gene structure of LINC01234 indicating the predicted miR-513a-5p
binding site in its 3'UTR. (B) Huh-7 cells were transfected with miR-513a-5p agomir/antagomir for 24 h.
Then, cell transfection was veri�ed by q-PCR. (C) The luciferase activity in Huh-7 cells after co-
transfecting a plasmid encoding the wild-type (WT) or mutant (MT) LINC01234 3’-UTR and miR-513a-5p.
(D) Co-localization of LINC01234 and miR-513a-5p detected using RNA pull-down. (E) Gene structure of
USP4 indicating the predicted miR-513a-5p binding site in its 3'UTR. (F) The luciferase activity in Huh-7
cells after co-transfecting a plasmid encoding the wild-type (WT) or mutant (MT) USP4 3’-UTR and miR-
513a-5p. (G) The expression of USP4 in normal or tumor tissues was detected by TCGA. (H) The
expression of USP4 in different stages of hepatic carcinoma was detected by TCGA. **P< 0.01 compared
to control.
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Figure 4

Knockdown of LINC01234 signi�cantly suppressed the progression of hepatic carcinoma in vitro. (A) The
apoptotic Huh-7 cells were examined by �ow cytometry. (B) Cell migration was measured by wound
healing assay. (C) Cell invasion was detected by transwell assay. (D) The protein expressions of E-
cadherin, vimentin and α-SMA in Huh-7 cells were detected by western blot. The relative protein
expressions were quanti�ed by normalizing to β-actin. **P< 0.01 compared to control.
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Figure 5

Downregulation of LINC01234 notably inhibited the tumorigenesis of hepatic carcinoma via mediation of
miR-513a-5p/USP4/TGF-β1 axis. (A) The protein expressions of USP4, Smad2, Smad3, p-Smad2 and p-
Smad3 in Huh-7 cells were detected by western blot. (B) The relative protein expressions were quanti�ed
by normalizing to β-actin. (C) The expression of Smad4 was detected by immuno�uorescence staining.
Red indicates Smad4 �uorescence. Blue indicates DAPI �uorescence. (D) The protein expressions of Akt,
p-Akt, cleaved caspase 3, ERK and p-ERK in Huh-7 cells were measured by western blot. (E) The relative
protein expressions were quanti�ed by normalizing to β-actin. **P< 0.01 compared to control. ##P< 0.01
compared to LINC01234 shRNA1.
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Figure 6

Knockdown of LINC01234 notably attenuated the symptom of hepatic carcinoma in vivo through
suppression of TGF-β signaling. Mice were subcutaneously injected Huh-7 cells transfected with vector-
control or LINC01234 shRNA1 or left untreated (Blank), after which tumors were allowed to grow for 5
weeks. (A) Volumes of tumors collected at the indicated times after transplantation. At the end of study,
(B) tumor tissues were collected and imaged. (C) Tumors of each mouse were weighted. (D) The
expression of LINC01234 in tumor tissues of mice was detected by q-PCR. (E, F) The apoptotic cells in
tumor tissues of mice were detected by TUNEL staining. (G, H) Ki-67 staining was performed to test the
proliferation of liver cancer cells. (I, J) The expression of p-Smad2 and p-Smad3 in tumor tissues of mice
were detected by IHC staining. **P< 0.01 compared to control.


