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A novel IncRNA RP11-386G11.10 reprograms
lipid metabolism to promote hepatocellular
carcinoma progression
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ABSTRACT

Objective: Emerging studies suggest that long non-coding RNAs (IncRNAs) play crucial roles in hepatocellular carcinoma (HCC). A rapidly
increasing number of studies have shown that metabolic changes including lipid metabolic reprogramming play a significant role in the pro-
gression of HCC. But it remains to be elucidated how IncRNAs affect tumor cell metabolism.

Methods: Through analysis and screening of The Cancer Genome Atlas-Liver Hepatocellular Carcinoma (TCGA-LIHC) dataset, we found a novel
IncRNA RP11-386G11.10 was overexpressed, related to prognosis, conserved and non-protein-coding in HCC and related to poor prognosis.
Then, CCK-8, colony formation, Transwell invasion, wound healing assays were performed and nude mouse subcutaneous tumour formation and
lung metastasis models were established to explore the effect of RP11-386G11.10 on HCC tumour growth and metastasis. Chromatography-
mass spectrometry (GC-MS) and Nile red staining detected the effect of RP11-386G11.10 on lipid metabolism in HCC. Mechanistically, we
clarified the RP11-386G11.10/miR-345-3p/HNRNPU signalling pathway through dual luciferase reporter, RNA immunoprecipitation (RIP) and
chromatin immunoprecipitation (ChIP) assays and identified ZBTB7A as a transcription factor of RP11-386G11.10.

Results: RP11-386G11.10 was overexpressed in HCC and positively correlated with tumour size, TNM stage, and poor prognosis in HCC
patients. RP11-386G11.10 promoted the proliferation and metastasis of HCC cells in vitro and in vivo. Mechanistically, RP11-386G11.10 acted as
a competing endogenous RNA (ceRNA) for miR-345-3p to regulate the expression of HNRNPU and its downstream lipogenic enzymes, leading to
lipid accumulation in HCC cells and promoting their growth and metastasis. In addition, we identified ZBTB7A as a transcription factor of RP11-
386G11.10. Moreover, HNRNPU promoted the expression of ZBTB7A in HCC cells, thereby increasing the transcriptional activity of RP11-
386G11.10, and forming a positive feedback loop, ultimately leading continuous lipid accumulation, growth and metastasis in HCC cells.
Conclusions: Our results indicated that the IncRNA RP11-386G11.10 was a novel oncogenic IncRNA that was strongly correlated with the poor
prognosis of HCC. The ZBTB7A-RP11-386G11.10-HNRNPU positive feedback loop promoted the progression of HCC by regulating lipid anabolism.
RP11-386G11.10 may become a new diagnostic and prognostic biomarker and therapy target for HCC.

© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION postoperative recurrence and metastasis rates remain high [2—4].

Therefore, it is necessary to further explicate the biological mecha-
Hepatocellular carcinoma (HCC) is a highly malignant solid tumour, and  nisms of HCC in order to develop novel effective therapeutic strategies.
its morbidity and mortality are among the highest of all cancers [1].  Long noncoding RNAs (IncRNAs) are noncoding RNAs with a length of
Although there are many immunotherapies and targeted therapiesfor ~ more than 200 bases [5]. Reports have indicated that most IncRNAs
HCC, the overall prognosis of HCC patients is still poor, and the perform their functions by acting as molecular sponges for miRNAs
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[6,7]. And mir-345-3p, is a common tumor suppressor as molecular
sponges for IncRNAs [8,9]. Through this mechanism, IncRNAs regulate
the key genes with specific functions, thereby affecting the prolifera-
tion and metastasis of tumour cells [10]. But the function of many
IncRNAs has not yet been reported.

Recent studies have shown that metabolic reprogramming is considered
a hallmark of cancer, especially in the liver, which is considered the
“central organ” of systemic metabolism [11]. Separate from the typical
changes resulting from the Warburg effect, lipid metabolic reprogram-
ming plays a pivotal role in the development of HCC, and abnormal lipid
metabolism promotes HCC occurrence and development. In addition,
abnormal lipid anabolism is an indicator of malignant tumour progres-
sion [12]. Recent studies have shown that the enhancement of lipid
synthesis promotes the progression of nonalcoholic fatty liver disease
(NAFLD) [13,14], as well as the growth and metastasis of HCC cells
[15—17]. These findings strongly indicate that the increase in lipid
synthesis is the driving force supporting the progression of HCC, but the
specific mechanism still needs further investigation.

HNRNPU is a multifunctional protein that regulates the precursor mRNA
splicing through splicing decisions mediated by direct binding to target
genes or by protein/protein interaction-mediated splicing decisions
[18]. HNRNPU is a nucleoprotein, but it can bind to the nuclear matrix
to help locate genes and proteins (including nuclear transcription
factors) [19,20]. The latest research indicates that HNRNPU promotes
the proliferation, invasion and metastasis of HCC cells and promotes
the expression of lipogenic enzymes such as FASN [18,21,22].
ZBTB7A, also known as Pokemon, is a transcription factor involved in
the development of various tumors [23]. Its polypeptide chain is
composed of 584 amino acid residues and folds in an N-terminal POZ/
BTB domain and a C-terminal domain containing four zinc-finger
motifs and a nuclear localization signal. ZBTB7A is overexpressed in
several tumors and contributes to the development of hepatocellular
carcinoma [23]. And recent studies have reported that ZBTB7A pro-
motes the progression of HCC and regulates lipid anabolism [24,25].
In this study, we identified an oncogenic novel IncRNA, RP11-
386G11.10, in HCC through analysis of The Cancer Genome Atlas-
Liver Hepatocellular Carcinoma (TCGA-LIHC) dataset and 80 samples
from Zhongnan Hospital of Wuhan University. Our results indicate that
the ZBTB7A/RP11-386G11.10/miR-345-3p/HNRNPU axis reprograms
lipid metabolism, enhances the expression of lipogenic enzymes, and
forms a positive feedback loop for HNRNPU-ZBTB7A to promote lipid
synthesis. In summary, our results clarify that RP11-386G11.10 pro-
motes the progression of HCC and regulates lipid metabolic reprog-
ramming in HCC via a previously unrecognized way.

2. MATERIALS AND METHODS

2.1. Tissue sample

Between October 2015 and September 2020, 80 pairs of HCC tissues
and matched nontumour tissues were collected with written informed
consent from HCC patients in Zhongnan Hospital of Wuhan University
(Hubei, China). None of the patients enrolled in this study received
preoperative chemotherapy or radiotherapy. Two pathologists
confirmed the HCC diagnosis. This study was conducted in accor-
dance with the Declaration of Helsinki and was approved by the
Ethics Committee of Zhongnan Hospital of Wuhan University (KELUN
2018010).

2.2. Bioinformatics analysis
In our study, we obtained HCC patient information from the TCGA
dataset. We used Gene Set Enrichment Analysis (GSEA) v3.0 software

and FunRich for gene enrichment analysis and Gene ontology (GO)
analysis, respectively. The URLs of all online analysis websites are
listed in Table S3.

2.3. Cell culture

Human HCC cells (HepG2, Hep3B, Li7, Huh-7, HCC-LM3 and Hep-G2)
were originally purchased from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). Normal liver cells (L02) were originally
purchased from Fuxiang Biotechnology Company (Shanghai, China).
L02, Huh-7, HCC-LM3, and Hep-G2 cell lines were cultured in DMEM
medium plus 10% fetal bovine serum (FBS). Hep-3B cell lines were
cultured in MEM medium plus 10% FBS, 1% non-essential amino
acids, and 1% sodium pyruvate. Li-7 cell lines were cultured in MEM
medium plus 10% FBS. All cell lines maintained in a 5% C02 incubator
at 37 °C [26].

2.4. RNA extraction and real-time quantitative PCR (qRT-PCR)

Total RNA was extracted with TRIzol (T9108, Takara, Dalian, China)
and reverse transcribed using an enzyme kit. Then, 2 x ChamQ
Universal SYBR qPCR Master Mix (Q711-02, Vazyme, Nanjing, China)
was used for gRT-PCR. The sequences of all PCR primers used are
listed in Table S2.

2.5. Western blot analysis

Total protein was extracted with RIPA buffer (R0010, Solarbio, Beijing,
China). Protein extracts were transferred to PVDF membranes and
incubated with the appropriate antibodies. All antibodies used are
listed in Table S3. An ECL imaging system (Tanon-5200, Shanghai,
China) was used for the detection of ECL signals.

2.6. Immunohistochemical (IHC) and immunofluorescence (IF)
analysis

For IHC analysis, the paraffin sections were placed in an oven at 65 °C
for 2 h, dewaxed to water, and washed three times with PBS for 5 min
each time. The sections were microwaved in EDTA buffer, and the
power was turned off after medium heat to boiling, and the low heat to
boiling was carried out at intervals of 10 min. After natural cooling,
wash sections with PBS. Sections were placed in 3% hydrogen
peroxide solution and incubated at room temperature for 10 min in the
dark. Then block sections with 5% BSA for 20 min after drying.
Remove the BSA solution, add about 50 p of diluted primary antibody
to each section to cover the tissue, and keep overnight at 4 °C. After
washing sections with PBS 3 times, 5 min each time, add 50 plI—100
ul of the secondary antibody of the corresponding species (see
Appendix 2) to each section, and incubate at 37 °C for 50 min. Then
add 50—100 pl of freshly prepared DAB solution to each section, and
control the color development under the microscope. After completing
color development, sections were rinsed with distilled water or tap
water, counterstained with hematoxylin, differentiated with 1% hy-
drochloric acid alcohol (about 1s), rinsed with tap water, returned to
blue with ammonia, and rinsed with running water. Sections were
subjected to gradient alcohol 75%, 90%, 100%, and 100% for 10 min
each, dehydrated and dried, transparent in xylene, and mounted with
neutral gum.

For IF analysis, cells were washed three times with phosphate-
buffered saline (PBS) and fixed with 4% paraformaldehyde for
20 min. HCC cells were then permeabilized with 0.5% NP-40 in PBS
for 20 min and blocked with 5% bovine serum albumin for a duration of
30 min. Next, cells were incubated with primary antibodies for 2 h and
incubated with secondary antibodies for 1 h. For the nuclei, cells were
stained with DAPI (D1306, Thermo Fisher, Shanghai, China). Finally,
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confocal microscopy (IX51, OLYMPUS, Japan) was used for image
acquisition [26].

2.7. Plasmids, siRNA transfection and shRNA transduction
Lipo3000 (L3000008, Thermo Fisher, Shanghai, China) and a pcDNA
3.1 vector containing the coding sequence of RP11-386G11.10 were
cotransfected into the HCC cells. The siRNA against zinc finger and BTB
domain containing 7A (ZBTB7A) was designed and synthesized by
Qingke Biological and delivered into HCC cells with GenMuteTM
(SL100568, SignaGen, USA). Lentiviruses were packaged with the
shRNA or negative control construct by Gene Create Co. (Wuhan,
China). HCC cells were incubated with 2 pig/mL puromycin to generate
cell lines with stable RP11-386G11.10 knockdown. The siRNA and
shRNA sequences used are listed in Table S2.

2.8. Xenograft model and in vivo metastasis model in nude mice
We ordered five-week-old male BALB/c nude mice from the Laboratory
Animal Center of Wuhan University (Wuhan, China). HCC-LM3 cells
transfected with RP11-386G11.10-sh2, miR-345-3p mimics, RP11-
386G11.10-sh2 + miR-345-3p inhibitors or RP11-386G11.10-
sh2 + HNRNPU plasmid were injected subcutaneously into the left
axillary vein, tail vein or spleen capsule of these mice. Additionally, we
used g418 to screen for stable miR-345-3p overexpression or
knockdown cells, which were injected every week for 3 continuous
weeks to ensure transfection efficiency in vivo. Subcutaneous tumours
were collected 20 days later, while in vivo metastasis samples were
collected after 6 weeks. In vivo analysis of the xenografts and in vivo
metastasis were conducted as previously described [26]. All experi-
mental procedures involving animals used in this study were reviewed
and approved by the Institutional Animal Care and Use Committee
(IACUC) of the Wuhan University Center for Animal Experiment and
performed in accordance with the Guidelines for the Care and Use of
Laboratory Animals of the Chinese Animal Welfare Committee.

2.9. Cell proliferation, migration and invasion assays

As previously described, CCK-8 and colony formation assays were
used to evaluate cell proliferation [26]. A wound-healing assay was
used to evaluate cell migration [26]. A Transwell invasion assay was
used to determine cell invasion [26].

2.10. Reporter plasmid construction and luciferase reporter
detection

The wild-type (WT) and mutant (MUT) binding site sequences in RP11-
386G11.10 or in the 3’-UTR of heterogeneous nuclear ribonucleo-
protein UHNRNPU) with miR-345—3p, ZBTB7A and RP11-386G11.10
promoter region and insert it into pGL3 basic vector. The resulting
constructs were named RP11-386G11.10-WT/Mut, HNRNPU-3’-UTR-
WT/Mut and RP11-386G11.10-promoter-WT/Mut. After 48 h of
transfection with Lipofectamine 3000, luciferase activity was
measured with a Dual Luciferase® Reporter Assay System (E1910,
Promega, Shanghai, China).

2.11. Chromatin immunoprecipitation (ChIP)

The potential binding between ZBTB7A and the RP11-386G11.10
promoter regions was evaluated in HCC cells by ChIP as previously
described [26]. Briefly, cells were crosslinked with formaldehyde and
sonicated to an average length of 200—1000 bp. Immunoprecipita-
tion was conducted with an anti-ZBTB7A antibody or IgG control.
gRT-PCR analysis was performed to measure the relative enrichment
of target genes. All primer sequences and antibody used are listed in
Table S2.
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2.12.  RNA immunoprecipitation (RIP)

Protein-RNA interactions were identified using RNA immunoprecipitation
analysis. Pierce™ Magnetic RNA-Protein Pull-Down Kit (20164, Thermo
Fisher, Shanghai, China) was used for RIP analysis. The cells were
collected and completely lysed in RIP lysis buffer following the manu-
facturer’s instructions. Next, RIP Lysate was incubated with human anti-
Argonaute?2 (Ago2) antibody magnetic beads (HY—K0202, MedChe-
mExpress, Shanghai, China) or anti-mouse IgG negative control mag-
netic beads (HY—K0202, MedChemExpress, Shanghai, China). RNA
bound with magnetic beads was extracted and verified by gRT-PCR [26].

2.12.1. Fluorescence in situ hybridization (FISH)

The RP11-386G11.10 probe was designed and produced by AXL-bio
(Guangzhou, China). Cells were cultured in 6-well plates overnight
and then fixed with 4% paraformaldehyde for 30 min before treatment
with 0.5% Triton X-100 for 20 min. After washing with 2 x SSC for
10 min, the cells were incubated with the RP11-386G11.10 probe
(sequence:  5’-GTCCTCCATCACTGCTTCCCTGAGATTTGATGGAGCCCT
GAATGTTGACCT-3') and then with anti-digoxigenin-fluorescein-Fab
fragments (Roche Diagnostics, Indianapolis, IN, USA). The slides
were mounted with ProLong Gold Antifade Reagent and detected with
DAPI (D1306, Thermo Fisher, Shanghai, China). RP11-386G11.10 was
observed under an Olympus FluoView™ FV1000 confocal microscope
(Olympus, Hamburg, Germany) [26].

2.12.2. Nucleocytoplasmic RNA fractionation analysis

Nuclear and cytoplasmic RNAs used to qRT-PCR reverse transcription
and were extracted and purified using the Cytoplasmic & Nuclear RNA
Purification Kit (NGB-21000, Norgen, Belmont, CA), followed by qRT-
PCR analysis. U6 and GAPDH were used as nuclear and cytoplasmic
internal reference, respectively.

2.12.3. Gas chromatography-mass spectrometry (GC—MS)

Equal number of cultured tumour cells (about 1 x 107 cells) were
collected and subjected to fatty acids extraction. The extract was
injected into GC—MS (Agilent 7890B, Agilent Technologies, USA)
containing a DB-WAX capillary column for fatty acids detection. GC—
MS and the statistical analysis were performed according to the in-
structions by Shanghai Applied Protein Technology [27].

2.12.4. RNA-sequencing (RNA-seq)

Agilent 2100 was used to assess RNA integrity. VAHTS mRNA-seq v2
Library Prep Kit (NR602-01, Vazyme, Nanjing, China) for lllumina was
used to generate Sequencing libraries. And the libraries were
sequenced on an lllumina NovaSeq platform. Differentially expressed
genes were defined as P-value < 0.05 and absolute log2 fold
change >1.

2.13. Triglyceride and cholesterol assays

Intracellular and intratumoural triglyceride and cholesterol contents
were assayed using triglyceride assay kit (E1013-105, Applygen
Technologies Inc, Beijing, China) and cholesterol assay kit (E1015-105,
Applygen Technologies Inc, Beijing, China) according to the manu-
facturer’s recommended protocols [28].

2.14. Nile Red staining

Cultured cells were fixed with 4% paraformaldehyde solution in 6-well
plates, and washed in 1 x PBS prior to staining with Nile Red solution
(7385-67-3, Solarbio, Beijing, China) diluted 1:100 with PBS for
20 min in the dark. Samples were then washed twice with PBS, and
stained with DAPI. Images were acquired by IF microscopy. Tissues
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Figure 1: RP11-386G11.10 expression is significantly increased in HCC. A HCC and non-tumor tissue RP11-386G11.10 transcription levels based on the analysis of TCGA-LIHC
data set. B Overall survival curves of HCC patients based on RP11-386G11.10 expression. G The expression of RP11-386G11.10 in 80 pairs of HCC tissues and its paired non-
tumor tissues. D 80 cases of HCC patients based on the overall survival curve of RP11-386G11.10 expression. E The hazard ratio analysis of clinicopathological factors in 80 HCC
patients. F RP11-386G11.10 expression in hepatocytes and HCC cell lines. G, H The main position of RP11-386G11.10 analyzed by the nuclear-cytoplasmic RNA fractionation and

FISH experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

were cryosectioned, and a histochemical pen was used to draw a circle
around the tissue to prevent the incubation solution from flowing away
in subsequent processing. The other steps for Nile Red staining of
tissues were the same as those used for cells.

2.15. Metabolic assays

Cells were seeded in 6-well plate and cultured for 24 h, then culture
medium was collected and glucose and lactate were examined by
glucose assay kit (FO06-1-1, Jiancheng Bioengineering Institute,

Nanjing, China) and lactate assay kit (A019-2-1, Jiancheng Bioen-
gineering Institute, Nanjing, China) respectively. For intracellular ATP
measurement, cells were collected and ATP assay kit (A095-1-1,
Jiancheng Bioengineering Institute, Nanjing, China) was applied ac-
cording to manufacturer’s protocol. Results were normalized by
protein concentration and triple independent experiments were
performed.

The rate of metabolic flux was determined by seahorse XFp exira-
cellular flux analyzer (Agilent Technologies, Santa Clara, CA, USA).
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Figure 2: RP11-386G11.10 promotes HCC proliferation and metastasis. A Expression of RP11-386G11.10 in Huh-7 and HCC-LM3 cells transfected with shNC and RP11-
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Cells were seeded in Seahorse XFp cell culture plates and allowed to
adhere overnight. Then the medium was replaced with substrate-
limited medium for 16 h. Briefly, cells were seeded at a density of
4 x 10% cells per well in medium supplemented with 2 mM glutamine
(for ECAR), 2 mM glutamine, 10 mM glucose and 1 mM pyruvate (for
OCR), or 111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 2 mM MgS04,
1.2 mM NaH2P04, supplemented with 2.5 mM Glucose, 0.5 mM
carnitine and 5 mM HEPES (for FAQ). After the equilibration of tem-
perature and pH, measurements were recorded with the analyser
according to the manufacturer’s protocol.

2.16. Actinomycin D chase assay
Actinomycin D (Act D) chase assay was performed for mRNA stability
as previously described [26].

2.17. Statistical analysis

Data were analysed using Prism 8.0 (GraphPad Software, La Jolla,
CA, USA) and SPSS 21.0 (IBM SPSS Statistics for Windows, version
21.0. Armonk, NY, USA: IBM Corp). Student’s t-test was used for
comparisons between the two groups, and the Kaplan—Meier
method was used for survival analysis. The data obtained from the
CCK-8 assay and xenograft growth experiment were evaluated by
two-sided unpaired t-test. Correlations between gene expression
levels were evaluated using Pearson correlation analysis. All data
meet the assumptions of the tests, and the variance is similar be-
tween the groups that are being statistically compared. All experi-
ments were repeated three times, and P < 0.05 was considered
statistically significant for all experiments.

3. RESULTS

3.1. The IncRNA RP11-386G11.10 is significantly upregulated in
HCC tissues and cell lines

To explore the role of HCC-related IncRNAs, we screened the TCGA
database and identified a novel IncRNA RP11-386G11.10
(ENSG00000258017.1, located on chromosome 12:49,521,565—
49,541,652), which is overexpressed in all types of cancer and cancer
cell lines, and related to prognosis, conserved and non-protein-coding
in HCC (Fig. STA—C). We generated a Kaplan -Meier survival curve,
and found that patients with high RP11-386G11.10 expression had a
poor prognosis (Figure 1A, Figure 1B). QRT-PCR analysis of 80 pairs of
HCC and nontumour tissues and survival analysis of patients stratified
by RP11-386G11.10 expression (Cutoff-High/Low = 0.5) confirmed
this finding (Figure 1C, Figure 1D). In addition, one-way analysis of
variance showed that RP11-386G11.10 expression in HCC tissues was
positively correlated with poor prognosis, as well as tumour size, TNM
stage, lymph node metastasis, Barcelona Clinic Liver Cancer (BCLC)
stage and portal vein tumour thrombosis (PVTT) (Figure 1E). Bioin-
formatics analysis based on the UCSC Genome Browser database and
the Coding Potential Calculator 2(CPC2) tool showed that RP11-
386G11.10 is conserved and non-protein-coding (Figure 1D,
Fig. S1E). And we used 5’- and 3’-RACE analyses to obtain the full
length of RP11-386G11.10 (Fig. S1F). Next, RP11-386G11.10 mRNA
levels were found to be upregulated in HCC cells (HepG2, Hep3B, Li7,
Huh-7 and HCC-LM3)compared with L0O2 normal human hepatocytes
and were the most upregulated in Huh-7 and HCC-LM3 cells
(Figure 1F). Additionally, the nucleocytoplasmic RNA fractionation and
FISH results showed that RP11-386G11.10 is localized mainly in the
cytoplasm (Figure 1G, Figure 1H). Our results indicated that the IncRNA
RP11-386G11.10 is upregulated in HCC, and that this upregulation
may be related to the progression of HCC.

3.2. The IncRNA RP11-386G11.10 promotes HCC cell proliferation
and metastasis in vivo and in vitro

To further clarify the biological function of RP11-386G11.10, we used
the Huh-7 and HCC-LM3 cell lines to establish a knockdown model
(Figure 2A). Cell proliferation assays showed that RP11-386G11.10
knockdown significantly inhibited the proliferation of HCC cells
(Figure 2B, Figure 2C). The Transwell invasion assay and wound
healing assay results showed that knocking down RP11-386G11.10
significantly reduced the invasion and migration abilities of HCC cells
(Figure 2D, Figure 2E). And RP11-386G11.10 overexpression
increased cell proliferation, invasion, and migration (Figs. S2A—E). To
further explore the role of RP11-386G11.10 in vivo, we injected shNC
or RP11-386G11.10-sh2 HCC-LM3 cells subcutaneously into BALB/c
nude mice. The tumour volumes and weights in the RP11-386G11.10-
sh2 group were significantly reduced compared with those in the shNC
group (Figure 2F). In addition, the IHC results showed that knocking
down RP11-386G11.10 significantly reduced the expression of ki-67
(Figure 2G). We also established an in vivo metastasis model and
found that the RP11-386G11.10-sh2 group had fewer lung and liver
metastatic nodules (Figure 2H,). In summary, compared with shNC,
this IncRNA promoted the proliferation and metastasis of HCC cells
in vivo and in vitro.

3.3. The IncRNA RP11-386G11.10 promotes HCC development
and increases de novo lipid synthesis in HCC

To thoroughly investigate the mechanism by which RP11-386G11.10
regulates the occurrence and development of HCC, we performed
RNA-seq to identify potential genes following RP11-386G11.10
knockdown in Huh-7 cells. RNA-seq data showed that RP11-
386G11.10 knockdown resulted in differential expression of a total
of 687 genes, including 477 up-regulated genes and 210 down-
regulated genes (Figure 3A). The heatmap showed the expression
of all differentially expressed genes in each sample (Figure 3B). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
showed that the fatty acid metabolism signaling pathway was one of
the most significantly enriched pathways (Figure 3C). Then we
downloaded the TCGA-LIHC dataset for GESA and found the genes
coexpressed with RP11-386G11.10 were significantly enriched in
fatty acid (FA) metabolism (Figure 3D). Since abnormal lipid meta-
bolism is thought to be related to the progression of HCC, we eval-
uated whether RP11-386G11.10 affects lipid metabolism in HCC
cells. The levels of triglycerides and cholesterol in HCC cells with
RP11-386G11.10 knockdown were significantly reduced compared
with those in control cells (Figure 3E). Gas chromatography—mass
spectrometry (GC—MS) results showed that the contents of intra-
cellular FAs, such as palmitic acid (C16:0), palmitoleic acid (C16:1),
stearic acid (C18:0) and oleic acid (C18:1), were significantly reduced
by RP11-386G11.10 knockdown (Figure 3F). Moreover, as shown by
Nile Red staining, RP11-386G11.10 knockdown inhibited intracel-
lular lipid accumulation (Figure 3G). Next, we determined the
mechanism by which RP11-386G11.10 regulates abnormal lipid
metabolism in HCC cells. We examined the mRNA levels of lipid
metabolism genes in 80 HCC tissue samples. Pearson correlation
analysis showed that the mRNA levels of some lipid metabolism
genes, including the lipogenic enzyme fatty acid synthase (FASN)
(r = 0.29, p = 0.0088), ATP-citrate lyase (ACLY) (r = 0.26,
p = 0.0220), acetyl-CoA carboxylase (ACC) (r = 0.28, p = 0.0106)
and stearoyl-CoA desaturase (SCD) (r = 0.27, p = 0.0129) had
significant correlations with that of RP11-386G11.10 (Figure 3H). The
gRT-PCR and western bolt results showed that knocking down RP11-
386G11.10 reduced the expression of key lipid synthesis genes such
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Figure 5: MiR-345—3p inhibits proliferation and metastasis and lipid synthesis in HCC. A, B RP11-386G11.10 inhibited HCC cell proliferation. G, D RP11-386G11.10 inhibited the
migration and invasion ability of HCC cells. E A xenograft model established from control or miR-345—3p overexpressed HCC-LM3 cells, and assess the weight of the anatomical
tumor. F, G HE staining showed miR-345—3p overexpression reduced the lung and liver metastasis in the nude mice. Magnification, 100 x . H The intracellular lipids were
measured in Huh7 and HCC-LM3 cells overexpressing miR-345—3p by double staining with Nile Red and Hoechst. Magnification, 400 x . I, J Lipogenic enzymes mRNA and
protein levels in miR-345—3p overexpressing or knocking down HCC cells. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6: MiR-345—3p directly binds to HNRNPU and negatively regulates HNRNPU expression. A Prediction software (mirdb, encori and targetscan) screened possible
downstream targets of miR-345—3p. B HNRNPU and VPS4B mRNA expression in miR-345—3p overexpressing or knocking down Huh-7 and HCC-LM3 cells. C The expression of
HNRNPU protein levels miR-345—3p overexpressing or knocking down Huh-7 and HCC-LM3 cells. D Pearson correlation analysis of miR-345—3p and HNRNPU in 80 HCC tissue
samples. E Schematic diagram of potential binding sites between miR-345—3p and HNRNPU. F, G Dual luciferase reporter gene and RIP test confirmed the interaction between

miR-345—3p and HNRNPU. *p < 0.05, **p < 0.01, ***p < 0.001.

as FASN, ACC, ACLY, and SCD in HCC cells (Figure 31—J). In addition,
the expression of other related genes involved in lipid uptake, syn-
thesis, P-oxidation and export showed no significant changes
(Fig. S2H). In RP11-386G11.10-overexpressing cells, the opposite
alterations in lipid metabolism described above were observed
(Figs. S2F—J). IHC analysis of subcutaneous tumours in nude mice
showed that knocking down RP11-386G11.10 reduced the protein
expression of FASN, ACC, ACLY, SCD and other genes in vivo

(Figure 3K). In summary, our results showed that RP11-386G11.10
promotes lipid accumulation in HCC cells.

3.4. The IncRNA RP11-386G11.10 negatively regulates miR-345-
3p by acting as a ceRNA

LncRNAs regulate cell biological processes through a variety of distinct
mechanisms, and most IncRNAs perform their functions by acting as
molecular sponges for miRNAs. Therefore, we hypothesized that
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RP11-386G11.10 may also interact with miRNAs as a ceRNA in HCC.
The bioinformatics databases miRDB and LncBase were used to
predict the possible interactions between RP11-386G11.10 and
miRNAs, and RP11-386G11.10 was predicted to potentially regulate
11 miRNAs (Figure 4A). Analysis of public TCGA datasets showed that
the expression of 5 miRNAs was significantly reduced in HCC tissues
compared with the paired nontumour tissues (Figure 4B). After RP11-
386G11.10 overexpression or knockdown, the expression of miR-345-
3p expression exhibited the most obvious change (Figure 4C, Fig. S3A).
In addition, Pearson analysis of the 80 HCC tissues showed that the
expression of RP11-386G11.10 and miR-345-3p was significantly
negatively correlated (r = —0.44, p < 0.001) (Figure 4D), indicating
that RP11-386G11.10 is likely to be the ceRNA of miR-345-3p. To
confirm the above speculation, we used miRNA mimics/inhibitors to
upregulate/knock down the expression of mi-345-3p respectively
(Fig. S3B), and constructed WT and MUT RP11-386G11.10 reporter
plasmids (Figure 4E). The results of the dual luciferase reporter assay
showed that the relative luciferase activity of RP11-386G11.10-WT
cells with miR-345-3p overexpression was significantly reduced
compared with that of control cells, while knocking down miR-345-3p
significantly increased the relative luciferase activity in RP11-
386G11.10-WT cells (Figure 4F). In contrast, no such changes were
detected in RP11-386G11.10-MUT cells (Figure 4F). In addition, the
RIP assay showed that RP11-386G11.10 and mi-345-3p bound to the
anti-Ago2 antibody in the precipitated complexes, but did not bind to
the IgG control (Figure 4G). Therefore, our results showed that RP11-
386G11.10 contains a binding site for miR-345-3p and actes as a
ceRNA to negatively regulate miR-345-3p.

3.5. MiR-345-3p inhibits HCC progression

Given that RP11-386G11.10 may act through sponging miR-345-3p,
we further studied the biological functions of miR-345-3p. Our re-
sults showed that miR-345-3p overexpression inhibited while miR-
345-3p knockdown promoted cell proliferation, invasion and migra-
tion abilities of HCC cells (Figure 5A—D, Fig. S3C). We next used
subcutaneous xenograft, tail vein injection and intrasplenic injection
models to explore the role of miR-345-3p in vivo. Both the volume and
weight of tumours were significantly reduced in the miR-345-3p
overexpression group (Figure 5E). In tail vein injection and intra-
splenic injection models, miR-345-3p knockdown enhanced lung and
liver metastasis nodules (Figure 5F—G). In summary, these results
indicated that miR-345-3p inhibits the proliferation and metastasis of
HCC cells in vitro and in vivo.

3.6. miR-345-3p inhibits lipid synthesis in HCC

We verified the interaction between RP11-386G11.10 and miR-345-
3p, which suggested that miR-345-3p might also affect lipid synthe-
sis in HCC. The results of Nile Red staining and measurement of tri-
glyceride and cholesterol levels in HCC cells showed that
overexpression/knockdown of miR-345-3p inhibited/promoted lipid
accumulation in HCC cells respectively (Figure 5H, Fig. S3D). The qRT-
PCR and western blot results showed that the expression of anabolic
genes was down-regulated/upregulated with miR-345-3p over-
expression/knockdown respectively (Figure 51, Figure 5J). The above
results indicate that miR-345-3p can delay the progression of HCC and
inhibit lipid anabolism.

3.7. HNRNPU is the direct target gene of miR-345-3p
To clarify the direct target genes of miR-345-3p, we used bioinfor-
matics techniques to predict 17 target genes potentially involved in the
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initiation and development of HCC (Figure 6A), among which only
vacuolar protein sorting 4 homolog B (VPS4B) and HNRNPU have been
reported to promote the development of HCC. The gRT-PCR and
western blot results showed that miR-345-3p overexpression/knock-
down could downregulate/upregulate the HNRNPU mRNA and protein
expression, while VPS4B expression did not change significantly
(Figure 6B, Figure 6C). Pearson correlation analysis of the 80 HCC
tissues showed that the expression of miR-345-3p was negatively
correlated with the expression of HNRNPU (r = 0.30, p = 0.006)
(Figure 6D). Then, to clarify whether HNRNPU is directly regulated by
miR-345-3p, we constructed WT and MUT HNRNPU plasmids and
found that miR-345-3p mimic transfection significantly reduced the
relative luciferase activity of HNRNPU-WT cells, while miR-345-3p
inhibitor transfection showed the opposite effect (Figure 6E,
Figure 6F). In contrast, no such changes were detected in HNRNPU-
MUT cells (Figure 6F). Additionally, the RIP assay results showed
that miR-345-3p and HNRNPU bound to the anti-Ago2 antibody in the
precipitated complexes, but did not bind to the IgG control (Figure 6G).
The above results indicated that miR-345-3p can bind to the target site
in HNRNPU and regulate HNRNPU directly.

3.8. The IncRNA RP11-386G11.10 promotes HCC cell growth and
metastasis through the miR-345-3p/HNRNPU axis

As previously reported in the literature, HNRNPU promotes the
proliferation and metastasis of HCC cells by promoting lipid syn-
thesis [18]. HNRNPU was highly expressed in HCC and correlated
with poor prognosis, as shown by analysis of the TCGA-LIHC dataset
(Fig. S4A, Fig. S4B). To clarify whether RP11-386G11.10 regulates
the progression of HCC and lipid anabolism in HCC cells through the
miR-345-3p/HNRNPU axis, we transferred the miR-345—3p inhibi-
tor or HNRNPU plasmid into RP11-386G11.10 knockdown HCC cells.
HNRNPU expression was reduced by knockdown of RP11-
386G11.10 and, as anticipated, this inhibition was reversed by
the miR-345—3p inhibitor (Fig. S4C). The results showed that both
miR-345—3p knockdown and HNRNPU overexpression reversed the
RP11-386G11.10 knockdown-induced decreases in the prolifera-
tion, migration and invasion abilities of HCC cells (Figure 7B—E,
Fig. S4D). We then transferred the miR-345-3p inhibitor and
HNRNPU plasmid into RP11-386G11.10 knockdown cells and
implanted these cells into BALB/c nude mice by subcutaneous in-
jection. MiR-345-3p inhibition or HNRNPU overexpression reversed
the significant reductions in tumour volume and weight in the RP11-
386G11.10-sh2 group, compared with the shNC group (Figure 6F).
These results indicated that RP11-386G11.10 acts as a ceRNA of
miR-345-3p to regulate the expression of HNRNPU, leading to the
development of HCC.

3.9. The RP11-386G11.10/miR-345-3p/HNRNPU axis-mediated
lipid metabolic reprogramming is the cause of HCC progression
Then, we observed that the reduction in lipid levels caused by RP11-
386G11.10 knockdown in tumour sections was reversed by miR-345-
3p inhibitor transfection and overexpression of HNRNPU (Figure 7G,
Figure 7H). Additionally, both miR-345-3p suppression and HNRNPU
overexpression reversed the RP11-386G11.10 knockdown-induced
downregulation of the mRNA and protein expression of key lipid syn-
thesis genes such as FASN, ACC, ACLY, and SCD (Figure 71, Figure 7J).
The same changes were also observed in HCC cell lines (Figs. S4E—H).
These results indicated that RP11-386G11.10 promotes the growth
and metastasis of HCC cells through lipid anabolism regulated by the
miR-345-3p/HNRNPU axis.
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3.10. ZBTB7A is a transcription factor of the IncRNA RP11-
386G11.10

Finally, to clarify the overexpression of RP11-386G11.10 in HCC, we
used the hTFtarget, geneCARDS and UCSC Genome Browser data-
bases to predict that TATA-box binding protein (TBP) and ZBTB7A may
be transcription factors regulating RP11-386G11.10 (Figure 8A), and
we found that both TFs were overexpressed in HCC tissues (Fig. S5A).
Knocking down ZBTB7A significantly reduced RP11-386G11.10
expression (Figure 8B). However, RP11-386G11.10 expression did
not change significantly after TBP knockdown (Fig. S5B). To verify that
ZBTB7A exerted a transcriptional regulatory effect on RP11-
386G11.10, we constructed WT and MUT RP11-386G11.10 plas-
mids based on the sequence of the RP11-386G11.10 and ZBTB7A
binding site (6GCGCCCACCAC) predicted by promoter analysis tools
(UCSC and JASPAR) (Figure 8C). Then, we constructed ZBTB7A
overexpression models with HCC cells and found that ZBTB7A over-
expression significantly increased the relative luciferase activity of
RP11-386G11.10-WT cells, while ZBTB7A knockdown showed the
opposite effect (Figure 8D, Fig. S5D). In contrast, no such changes
were detected in RP11-386G11.10-MUT cells (Figure 8D). In addition,
the results of ChIP-qPCR further confirmed that ZBTB7A directly binds
to the promoter region of RP11-386G11.10 (Figure 8E).

3.11. HNRNPU forms a positive feedback loop that promotes the
expression of the IncRNA RP11-386G11.10 by activating ZBTB7A
Based on the findings that RP11-386G11.10, ZBTB7A and HNRNPU
were highly expressed in HCC, and that there were strong correlations
between the three (Fig. S5C), we hypothesized that the strong pro-
motive effects of RP11-386G11.10 on HCC progression and lipid
synthesis are due to a potential positive feedback loop. HNRNPU
knockdown reduced the mRNA and protein expression levels of
ZBTB7A and mRNA expression levels of RP11-386G11.10 (Figure 8F—
G). As reported, HNRNPU promotes cancer progression by stabilizing
downstream target gene mRNA [29—32], and we observed that the
stability of ZBTB7A mRNA decreases after HNRNPU knockdown in HCC
cells as expected (Figure 8H). In addition, HNRNPU overexpression
increased the relative luciferase activity of RP11-386G11.10-WT cells
(Figure 8l). ZBTB7A knockdown reversed the effect of HNRNPU over-
expression on RP11-386G11.10-WT cells, but no significant changes
were observed in RP11-386G11.10-MUT cells, which indicated that
HNRNPU promoted the binding of ZBTB7A to the RP11-386G11.10
promoter region (Figure 8l). Additionally, overexpression of either
ZBTB7A or HNRNPU enhanced RP11-386G11.10 expression, and this
effect was reversed by knockdown of ZBTB7A, with the same trend
observed in the luciferase reporter gene detection (Fig. S5D). The
above results indicated that HNRNPU stabilized ZBTB7A mRNA to
promote HCC progression and lipid accumulation by forming a positive
feedback loop that activates RP11-386G11.10.

4. DISCUSSION

Tumour metabolism is complex, and with the exception of the well-
known Warburg effect, the impact of other metabolic pathways on
tumour progression remains unclear [33]. Recently, accumulating
evidence has shown that lipid metabolic reprogramming is involved in
tumour growth and metastasis. Dysregulation of lipid synthesis has
been considered an essential carcinogenic event in human HCC [34].
Lipids are needed as membrane components, as signalling molecules,
and for energy storage in cancer cells. In cancer cells, almost all lipids

are produced through de novo synthesis to support the rapid growth of
tumours, even if the extracellular lipid supply is sufficient [35]. Multiple
mechanisms help to increase de novo lipid synthesis in cancer cells,
and most of these mechanisms involve upregulation of key lipogenic
enzymes [35]. Reports indicate that lipogenic enzymes such as FASN,
ACLY, ACC and SCD are abnormally overexpressed in diverse human
solid tumours, including HCC [36,37]. In addition, blocking FA
biosynthetic pathways has been shown to inhibit cancer cell growth,
and several potential targets in these pathways could serve as effective
drug targets as part of HCC therapeutic strategies [38] Therefore, a
better understanding of lipid metabolic reprogramming in HCC cells
may facilitate the development of promising therapeutic strategies for
this malignant tumour. Notably, IncRNAs have been shown to play an
important role in regulating lipogenesis in cells, but there are few
reports of IncRNAs regulating lipid anabolism in HCC.

Antisense IncRNAs are known to bind to mRNAs with complementary
sequences to it (sense RNAs) and inhibit their translation [39]. Since
RP11-386G11.10 shares the same locus with the TUBA1B gene, we
constructed knockdown models of RP11-386G11.10 or TUBA1B to rule
out the possibility that they affected each other (Figure 2A, Fig. STH).
Our results showed that knockdown of either TUBA1B or RP11-
386G11.10 did not alter the expression of the other (Figs. S1G—I).
ceRNAs have been proved to constitute a common and essential
mechanism for the regulation of HCC progression. Although the ceRNA
mechanism has not been reported in lipid metabolism in HCC, it has
been confirmed to play a role in lipid metabolism in nonalcoholic fatty
liver and steatohepatitis [40,41]. In subsequent studies, we proved the
endogenous interaction between RP11-386G11.10 and miR-345-3p
through bioinformatics analysis and luciferase reporter and RIP as-
says. The effects of miR-345-3p on tumour suppression and lipid
synthesis in HCC were observed, and RP11-386G11.10 was confirmed
to act as a miR-345-3p sponge to promote HCC cell proliferation, in-
vasion and lipid synthesis.

Our results showed that RP11-386G11.10 positively regulates
HNRNPU expression by sponging miR-345-3p in HCC. Importantly, our
co-transfection experiment proved that the changes in the RP11-
386G11.10, miR-345-3p and HNRNPU expression levels were
related to the proliferation and metastasis activities of HCC cells and to
the activity of lipid metabolism pathways, suggesting that the RP11-
386G11.10/miR-345-3p/HNRNPU axis promotes lipid synthesis and
mediates the progression of HCC. Although HNRNPU may not be the
only target gene of RP11-386G11.10, our results demonstrated that
HNRNPU is an important downstream target in RP11-386G11.10-
mediated HCC development.

ZBTB7A is a common transcription factor in cancer [23]. We proved
that ZBTB7A is a positive transcription factor of RP11-386G11.10. Our
results indicated activation of ZBTB7A activated RP11-386G11.10 to
form a positive feedback loop, which may have crucial implications for
HCC progression and lipid accumulation caused by high RP11-
386G11.10 expression.

In summary, we proposed a new mechanism of IncRNA-mediated lipid
metabolic reprogramming in the progression of HCC, and expanded the
understanding of IncRNA-mediated regulation of metabolic homeo-
stasis in HCC. Moreover, since lipogenesis is not common in normal
cells, methods targeting lipogenic enzymes and their signalling cas-
cades are very promising for the development of innovative drugs for
cancer treatment [42]. From this perspective, our research provided
possible prognostic indicators for HCC and paved the way for the
development of new HCC therapeutic drugs and strategies.
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