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Abstract

Background: Long noncoding RNAs (IncRNAs) are emerging as critical regulators of gene expression and play fun-
damental roles in various types of cancer. Current developments in transcriptome analyses unveiled the existence of
INcRNAs; however, their functional characterization remains a challenge.

Methods: A bioinformatics screen was performed by integration of multiple omics data in hepatocellular carcinoma
(HCQ) prioritizing a novel oncogenic INcRNA, LINCO1132. Expression of LINCO1132 in HCC and control tissues was vali-
dated by gRT-PCR. Cell viability and migration activity was examined by MTT and transwell assays. Finally, our results
were confirmed in vivo mouse model and ex vivo patient derived tumor xenograft experiments to determine the
mechanism of action and explore LINCO1132-targeted immunotherapy.

Results: Systematic investigation of INCRNAs genome-wide expression patterns revealed LINCO1132 as an oncogene
in HCC. LINCO01132 is significantly overexpressed in tumor and associated with poor overall survival of HCC patients,
which is mainly driven by copy number amplification. Functionally, LINCO1132 overexpression promoted cell growth,
proliferation, invasion and metastasis in vitro and in vivo. Mechanistically, LINCO1132 acts as an oncogenic driver by
physically interacting with NRF and enhancing the expression of DPP4. Notably, LINCO1132 silencing triggers CD8+
T cells infiltration, and LINCO1132 knockdown combined with anti-PDL1 treatment improves antitumor immunity,
which may prove a new combination therapy in HCC.

Conclusions: LINCO1132 functions as an oncogenic driver that induces HCC development via the NRF1/DPP4 axis.
Silencing LINCO1132 may enhance the efficacy of anti-PDL1 immunotherapy in HCC patients.
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progression is of high clinical significance and may lead
the development of novel clinical options [3].

With the development of high-throughput sequencing
technologies, numerous molecular markers have been
linked to the development of HCC. Genes from various
signaling pathways are frequently mutated in HCC, such
as Wnt, P53, AKT and MAP kinase pathways [4]. Copy
number alterations have been found to be involved in the
development of HCC, such as MET and PEG10 amplifi-
cation [5, 6]. Cancer-related mutations have been found
to perturb the RNA regulatory network and helped the
identification of potential biomarkers [7]. However, the
molecular pathogenesis of HCC is still not fully under-
stood, and novel cancer-promoting genes must be identi-
fied and characterized.

Current progress in transcriptome analysis exposed a
large portion of the human genome that does not encode
for proteins [8]. Long noncoding RNAs (IncRNAs) have
been discovered as a major type of regulatory RNA with
important roles in cancer development [9]. Accumulat-
ing evidence has shown that IncRNAs are involved in a
wide range of biological processes, acting as scaffolds or
miRNA sponges [10, 11]. For example, LINC01138 has
been found to drive malignancies via activating arginine
methyltransferase 5 in HCC [12]; to physically interact
with the MYC protein and increase its stability in cancer
[13]; and inflammation induced LINCO00665 is involved
in the NF-kB signaling activation in HCC [14]. Many
IncRNAs were identified as novel regulatory RNAs in
HCC but their biological functions and underlying mech-
anism in pathogenesis remain largely unclear.

The crosstalk between the immune system and tumor
cells is critical in cancer development and progression
[15]. Following the success story of immune check-
point blockers (ICBs) therapy in various cancer types,
increasing efforts were devoted to investigate novel ICBs
approaches in HCC patients [16]. Despite this break-
through, a subset of patients remains as non- ideal can-
didates for immunotherapy due to the lack of efficacy
[17, 18]. Therefore, numerous studies focused on modi-
fying the expression of noncoding RNAs in combina-
tion with immunotherapy to improve the response and
overall survival. LIMIT is an immunogenic IncRNA in
cancer immunity targetable for cancer immunother-
apy [19], while NKILA, another IncRNA, can promote
tumor immune evasion by sensitizing T cells and acti-
vate induced cell death [20]. Furthermore, pan-cancer
analysis of immune-related IncRNAs has prioritized
cancer-related IncRNAs and the identification of immune
subtypes [21]. Therefore, exploring the roles of IncRNAs
in immune regulation is essential to identify additional
immunotherapy targets in cancer.
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In this study, we identified a new oncogenic long
intergenic noncoding RNA (lincRNA) in HCC
(LINCO01132). LINCO01132 is overexpressed in HCC,
and significantly associated with malignant clinical
features and poor outcomes in the clinic. Mechanisti-
cally, LINCO01132 promotes cell growth, proliferation,
invasion and metastasis through the LINC0132/NRF1/
DPP4 axis. Finally, combinatory therapy targeting
LINCO01132 inhibition and anti-PDL1 blockade syner-
gistically improves antitumor immunity in HCC in vivo
and ex vivo models. In summary, our data suggests that
LINCO01132 is a potential biomarker and therapeutic
target for HCC.

Materials and methods

Patients and ethical statement

In total, 121 HCC patients’ tumor samples and corre-
sponding adjacent normal liver tissues were obtained
from the surgical specimen archives of the Zhong-
shan Hospital [12], Shanghai, China. The patients were
informed, and signed consent forms acknowledging the
use of their resected tissues for research purposes, which
has been previously approved [12].

Cell culture

The HCC cell lines HepG2 and Hepl-6 were pur-
chased from American Type Culture Collection
(ATCC, Manassas, Virginia, USA) and cultured fol-
lowing the recommended guidelines. These cells were
characterized by Genewiz Inc. cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Thermo Fisher
Scientific, California, USA) with 10% fetal bovine
serum (FBS) and antibiotics. Huh-7 cells were was
purchased from JCRB cell bank (Tokoyo, Japan) and
cultured in Roswell Park Memorial Institute (RPMI)
1640 Medium (Thermo Fisher Scientific) with 10%
new born calf serum. Hep3B and SUN-449 were pur-
chased from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). Cells were maintained
in Dulbecco’s modified eagle medium (DMEM, Inv-
itrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS, HyClone, Logan, UT, USA),
1% penicillin/streptomycin (pen/strep, Invitrogen),
and 8 mg/L of the antibiotic, tylosin tartrate, for myco-
plasma (Sigma-Aldrich, St. Louis, Missouri, USA), at
37°C in 5% CO2 (v/v). All cell lines were authenticated
by autosomal STR profiling and thawed afresh every 2
months, to test for mycoplasma. None of the cell lines
used was found in the database of commonly misiden-
tified cell lines, maintained by the International Cell
Line Authentication Committee.



Zhang et al. J Exp Clin Cancer Res (2022) 41:270

In vivo mouse models

All studies were supervised and approved by the Shang-
hai University of Traditional Chinese Medicine Insti-
tutional Animal Care and Use Committee (IACUC).
Female mice were used as models to study liver cancer.
Power analysis indicated an # value of 5 mice per group
to identify the expected effects with 90% confidence.

RNA quantization

Total RNA was extracted from liver samples or HepG2
or Huh-7 cells with TRIzol Reagent (Thermo Fisher Sci-
entific, California, USA). Quantitative real-time PCR
(qPCR) was performed with an iQ5 machine and SYBR
Premix Ex Taq™ II (TaKaRa Bio, Tokyo, Japan). Data
were normalized to B-actin or IgG control (RNA pull-
down assay and RIP assay). Relative genomic level of
tumor tissues was compared with normal liver tissue.
Primers used for RT-qPCR and RT-PCR are described in
additional file 1: Table S1.

Cytoplasmic and nuclear RNA isolation

Cytoplasmic and nuclear RNA was extracted using
Thermo Fisher BioReagents (Thermo Fisher Scientific)
according to the manufacturer’s instructions. QRT-PCR
analysis was performed using SYBR® Green Master Mix
(Invitrogen, New York, USA) to amplify the localization
of LINC01132 assay and B-actin U6 were used as cyto-
plasmic and nucleus controls. Primers are listed in addi-
tional file 1: Table S1.

Lentivirus construction and infection

The LINCO01132 sequence (listed in additional file 1:
Table S1) was amplified from normal genomic RNA
and cloned into the pWPXL lentiviral vector to gen-
erate pWPXL-LINCO01132. Virus particles were har-
vested 48hrs after HEK 293 T cells were transfected
with pWPXL-LINC01132, with the packaging plasmid
psPAX2 and the VSV-G envelope plasmid pMD2.G
using Lipofectamine 2000 reagent (Invitrogen). Huh-
7, HepG2, Hep3B, SNU-449 and Hepl-6, cells were
infected with recombinant lentivirus-transducing units
in the presence of 1ug/ml polybrene (Sigma-Aldrich,
Missouri, USA).

LINC01132 adenovirus interference vector
(AD-LINCO1132-SHRNA)

Three pairs of LINCO01132-shRNA oligonucleotide
sequences were designed and three adv4-U6-CMV-
LINC01132-shRNA  adenovirus  shuttle  plasmids
were constructed. The constructed ADV4-U6-CMV-
LINCO01132-shRNA and pHBAd-BHG plasmids were
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co-transfected into 293A cells and packaged with AD-
LINCO01132-shRNA. The virus titer was detected by
microcytic whole-cell assay. Ad-linc01132-shrna was
injected subcutaneously and the mRNA expression of
LINCO01132 was detected by real-time fluorescence quan-
titative PCR.

In vitro cell proliferation and colony formation assays

The cell proliferation assay was measured using the
Cell Counting Kit-8 (CCK-8) (Dojindo, Kyushu, Japan)
at 1, 3, and 5days after LINC01132 or mock infection.
Cells were seeded into the 96-well plate at a density of
10 cells/well, and 10l of CCK-8 was added to 90l
of the cell culture medium per well. Cells were subse-
quently incubated at 37°C for 2hours and the optical
density measured at 450 nm. For the colony formation
assay, 1-1.5 *10° cells/well were plated in a 6-well plate
and incubated at 37°C for 2weeks. The colonies were
fixed and stained with 0.1% crystal violet dye in 20%
methanol, and the number of colonies macroscopically
counted. All assays were performed in triplicate.

In vitro migration and invasion assays

Migration assays were performed in a Transwell
chemotaxis 24-well chamber (BD Biosciences, Frank-
lin Lakes, NJ). Briefly, 2 x 10* cells were plated in the
upper chamber with a non-coated membrane. For the
invasion assays, 5 x 10* cells were placed into the upper
chamber with a Matrigel-coated membrane. After
16hours of incubation at 37°C, migrating or invad-
ing cells were fixed and stained with 0.1% crystal vio-
let dye in 20% methanol. Migrated or invaded cells
were counted and imaged with an inverted microscope
(Olympus, Tokyo, Japan).

In vivo assays for metastasis

For the in vivo metastasis assays, 2 x 10° Hepl—6 cells
infected with the pWPXL-LINC01132 or pWPXL-GFP
were resuspended in 0.2mL of serum-free DMEM and
subcutaneously injected into C57BL/6 mice liver. After
40days mice humanly euthanized and liver, lungs and
intestines were collected, fixed with phosphate buffered
neutral formalin and prepared for standard histological
examination. The numbers of metastatic foci in liver tis-
sue sections were counted by H&E staining under a bin-
ocular microscope (Leica, USA).

Construction of PDX mouse model of HCC
PDX model of liver cancer was established from patient’s
liver cancer samples. These were first sectioned into
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small tissue for subcutaneous tumor formation in nude
mice. Two weeks later, the subcutaneous tumor bearing
tissue was excised, sectioned and and transplanted again
into the subcutaneous skin of nude mice. After subcuta-
neous tumor formation, shNC and shLINC01132 were
injected subcutaneously and tumor diameter and weight
were measured every 2days. Animals were humanly
euthanized after 30days and tumor tissue removed for
terminal endpoint analysis.

RNA pull-down assays

LINCO01132 was transcribed in vitro with biotin RNA
labelling mix and T7 RNA polymerase according to the
manufacturer’s instructions (Invitrogen). In total, 40 pl
streptavidin-linked magnetic beads (ThermoFisher Sci-
entific) were used to pull down the biotinylated RNA at
room temperature for 2hrs. The beads-RNA-proteins
were then washed with 1x binding washing buffer
(5mM Tris-HCI, 1M NaCl, 0.5mM EDTA, and 0.005%
Tween 20) four times. The proteins were precipitated
and diluted in 60yl protein lysis buffer. Finally, the
retrieved proteins were measured on SDS-PAGE gels
for mass spectrometry or Western blot. Western blot
in RNA pull-down assay was performed with mouse
anti-NRF1 and anti-KDM5B antibodies (Cell Signal-
ing Technology, CST, Danvers, Massachusetts, USA,
1:500) and mouse anti-f-actin antibody (CST, 1:1000).
Antibodies information is available on additional file 1:
Table S2.

RNA-seq and computational analysis

RNA-seq was performed at the Sequencing and Non-
Coding RNA Program at the RiboBio (Guangzhou,
China) using Hiseq3000(Illumina, USA). The hisat2 [22],
StringTie [23] and Ballgown were used to align the reads
to the genome, generate raw counts corresponding to
each known gene, and calculate the RPKM (reads per
kilobase per million) values [24].

Northern blot

LINCO01132 levels were measured by northern blot using
an Ambion Northern Max-Gly Kit (Austin, TX, USA).
Total RNA was electrophoresed and siphoned to a posi-
tively charged nylon membrane (NC). RNA was then
fixed to the NC membrane using UV cross-linking. In
brief, the cross-linked membrane was then prehybrid-
ized with ULTRAhyb, and RNA was detected with
an LINCO01132-specific oligonucleotide probe (prim-
ers provided in additional file 1: Table S1) labeled with
digoxigenin-ddUTP using a DIG Oligonucleotide 3’-End
Labeling Kit (Roche Diagnostics, Indianapolis, IN, USA)
in roller bottles.
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Western blot

Proteins were separated by sodium dodecyl sulfate-pol-
yacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to nitrocellulose membrane (Bio-Rad, Hercules,
CA). Non-specific binding was blocked with 5% nonfat
milk and subsequently incubated with indicated pri-
mary antibodies, followed by horseradish peroxidase-
conjugated secondary antibodies. Immunoreactivity was
visualized with chemiluminescence ECL reagents (Pierce,
Rockford, IL) and imaged with ChemiDoc imaging sys-
tem (12003153-s). Densitometry analysis was performed
with Image-Pro Plus 6.0 (Media Cybernetics).

Mass spectrometry analysis

Specific bands were excised for proteomics screening
by mass spectrometry analysis (Shanghai Applied Pro-
tein Technology, Shanghai, China). Protein identification
was retrieved from the human RefSeq protein database
(National Center for Biotechnology Information), using
Mascot version 2.4.01 (Matrix Science, London, UK). The
retrieved protein was detected by western blot.

RNA immunoprecipitation (RIP)

RIP experiments were performed using the Magna
RIP™ RNA-Binding Protein Immunoprecipitation
Kit (Millipore, Massachusetts, USA) according to
the manufacturer’s instructions. The co-precipitated
RNAs were detected by reverse transcription PCR.
Total RNA (input controls) and normal mouse IgG
controls were assayed simultaneously to validate RNA
specificity to NRF1 and KDM5B (n =3 for each experi-
ment). Gene-specific primers for LINC01132 are pro-
vided in additional file 1: Table S1).

Co-immunoprecipitation

Huh-7 and HepG2 cells infected with the lentivirus
expressing LINCO01132 or Huh-7 cells transfected with
LINCO01132 siRNA were lysed with RIPA buffer (Beyo-
time Biotechnology) with protease (Thermo Fisher Sci-
entific Inc.) and RNase (Thermo Fisher Scientific Inc.)
inhibitors, and then centrifuged at 16,400g for 15min.
Supernatants were collected and the amount of NRF1
and DPP4 or KDM5B and DPP4 protein examined by
immunoblotting to normalized for DPP4 and NRF1 load-
ing. Supernatants were then incubated with the indicated
antibody-coated Protein G Dynabeads (Life Technolo-
gies) overnight at 4°C with gentle rotation. The beads
were washed five times with NT2 buffer (50 mM Tris-
HCL [pH7.4], 150 mM NaCl, 1mM MgCl2, 0.05% Noni-
det P-40) containing protease and RNase Inhibitor, and
then three times with PBS again containing protease and
RNase Inhibitor. After washing, proteins were eluted and
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immuno-complexes were analyzed by immunoblotting
(antibodies provided in additional file 1: Table S2).

Genome-wide expression of IncRNAs in HCC
Genome-wide expression of IncRNAs in HCC was col-
lected from Gene Expression Omnibus (GEO) and The
Cancer Genome Atlas (TCGA). Gene expression pro-
file of HCC was collected from GEO under the acces-
sion number GSE104310, which provided the expression
of tumors and paired non-tumor tissues collected from
Sun Yat-sen University Cancer Center. In total, eight
normal and 12 tumor samples were included in our anal-
ysis. Moreover, genome-wide expression of liver hepa-
tocellular carcinoma (LIHC) were obtained from TCGA
project [25], which included 374 tumor and 50 normal
samples. RNA sequencing of 21 Hepatitis B virus-HCC
patients with non-neoplastic liver and tumor tissues were
obtained from GSE94660 [26].

Identification of differentially expressed IncRNAs in HCC
Wilcoxon’s rank sum test was used to identify differ-
entially expressed IncRNAs in HCC tumor compared
to normal tissues. Only long intergenic non-coding
RNAs (lincRNAs) were considered in our analyses. We
identified the lincRNAs with fold changes >2 or<0.5
and adjusted p-values <0.05 as differentially expressed
lincRNAs.

Predict the functions of IncRNA

Spearman correlation coefficients (SCC) were used to
predict the function of IncRNA and protein-coding gene
expression. All genes were ranked based on SCC and
subjected into Gene Set Enrichment Analysis (GSEA)
[27]. The Biocarta pathway dataset from MsigDB was
used for this analysis [28]. Pathways with normalized
enrichment score>1.96 or<—1.96 and false discovery
rate (FDR) <0.01 were identified.

Transcription regulation analysis

To identify the transcription factors (TFs) that bind to
the promoter region of gene (e.g., DPP4), we queried the
ChIPBase database [29]. The TFs than can bind to the
5kb upstream to 1kb downstream of transcript start sites
were identified.

Results

Integrative analyses identify onco-IncRNA LINC01132

in HCC

To identify the potential oncogenic IncRNAs in HCC,
we first analyzed the genome-wide expression profile of
12 tumors and 8 adjacent non-tumor tissues. In total,
we identified 22 up-regulated long intergenic noncod-
ing RNAs (lincRNAs) and 35 down-regulated lincRNAs
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in HCC (Fig. 1A and additional file 1: Table S3). Numer-
ous tumor associated lincRNAs were identified, such as
PVT1 [30], HIF1A-AS1 [31] and MIAT [32]. Moreover,
the expression of these lincRNAs can effectively distin-
guish the tumor tissue from the normal controls in HCC
(Fig. 1B).

Next, we investigated the genetic alterations of dif-
ferentially expressed lincRNAs. The majority of highly
expressed lincRNAs were associated with copy number
amplification in HCC (Fig. 1C). For example, approxi-
mate 11% of HCC patients had PVT1 CNV amplifica-
tion, which might induce the expression of PVT1 in
HCC. In the contrast, lower number of patients had
copy number deletion for the down-regulated lincR-
NAs (Additional file 2: Fig. S1A). We then focused on
the lincRNA-LINCO01132, which exhibited the second
higher copy number amplification (7%) in HCC (Fig. 1C)
and was highly expressed in HCC tissue. Moreover,
LINCO01132 exhibited higher copy number amplification
across various cancer types (Additional file 2: Fig. S1B).

To further validate the oncogenic roles of LINC01132,
we analyzed the expression in another two cohorts of
HCC. We found that LINC01132 exhibited significantly
higher expression in tumor patients (Additional file 2: Fig.
S1C-D). We also evaluated the expression of LINC01132
in 121 paired tumor tissues and corresponding non-
cancerous tissues (NCT), showing that LINC01132 was
highly expressed in cancer (Fig. 1D, p <0.0001). Patients
with more than one cancer embolus (Fig. 1E, p = 0.0032)
or larger tumor size (Fig. 1F, p = 0.0321) had even higher
LINCO01132 expression levels. Finally, we explored the
effects of LINC01132 on prognosis in HCC patients and
observed that high LINC01132 expression was associated
with poor survival of HCC (Fig. 1G, p = 0.0143). Alto-
gether, these results suggested that LINC01132 plays an
oncogenic role in HCC.

LINCO01132 promotes HCC cell growth and metastasis
in vitro
To investigate the possible roles of LINC01132 in HCC
pathogenesis, we first explored the expression in HCC
cell lines. We found that LINC01132 was with relatively
high expressed in HepG2 and but not in Huh-7 (Addi-
tional file 2: Fig. S2A). We also observed that the expres-
sion of LINCO01132 was in both cytoplasm and nuclear
(Additional file 2: Fig. S2B), suggesting that it may play a
regulatory function in both cellular localizations. Moreo-
ver, we found that LINC01132 didn’t express to protein
but functioned as RNA (Additional file 2: Fig. S2C-D).
We next knocked down or overexpressed LINC01132
in HCC cell lines and performed colony and cell prolif-
eration assays. We found that the knocked down or over-
expressed LINC01132 can effectively alter its expression
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in cell lines (Additional file 2: Fig. S2E). LINC01132
knocked down significantly decreased the number of col-
ony formation (Fig. 2A, p <0.001) while overexpression
of LINCO01132 significantly increased the number of col-
ony formation (Fig. 2B, p <0.001). Moreover, knockdown
of LINCO01132 significantly decreased cell proliferation
(Fig. 2C, p <0.001), while LINC01132 overexpression
significantly promoted the cancer cells proliferation
(Fig. 2D, p <0.001).

We next explored the roles of LINC01132 in cell inva-
sion and migration. LINC01132 knockdown signifi-
cantly decreased cell migration and invasion (Fig. 2E-F,
p-values <0.001). In the contrast, overexpression of
LINCO01132 significantly increased cell migration and
invasion (Fig. 2G, p-values <0.001). In addition, we
validated the biological roles of LINC01132 in another
two cell lines (Hep3B and SNU-449). We found that
the results were consistent across different cell lines
(Additional file 2: Fig. S3). Taken together, these results
demonstrated that LINCO01132 significantly promotes

in vitro cell growth, proliferation, migration and inva-
sion in HCC.

LINCO01132 promotes HCC cell growth and metastasis

in vivo

To confirm the functions of LINC01132 on the tumo-
rigenicity of HCC, LINCO01132 knockdown cells and
control cells derived from cell lines were subcutane-
ously injected into nude immunodeficient mice. Tumor
xenografts derived from LINC01132-knockdown cells
exhibited smaller volumes and lower weights than
those from empty vector-transduced cells (Fig. 3A-C).
In addition, we assessed the effects of LINC01132 on
metastasis, observing that the numbers of metastatic
nodules were significantly increased in LINCO01132-
overexpressing groups (Fig. 3D, p = 0.0092).

The patient-derived xenograft (PDX) mouse model
has been shown to recapitulate multiple characteristics
of human cancer biological context. Therefore, we next
silenced LINC01132 on PDX mouse model 7 days post
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inoculation (Fig. 3E). LINC01132 knockdown signifi-
cantly inhibited cancer growth as shown by decreased
tumor volumes and weights (Fig. 3E, p = 0.0028 and
0.039). As the transfection efficiency of plasmid vec-
tor was low, and adenovirus vector was constructed
to validate the function of LINC01132. We found that
silence of LINCO01132 induced significantly decreased
tumor volumes and weights (Additional file 2: Fig.
S4). Together, these results indicated that elevated

LINCO01132 expression may contribute to the develop-
ment and progression of HCC.

LINCO01132 potentially regulates DPP4 in HCC

To elucidate the potential molecular mechanisms
of LINCO01132 in HCC, we calculated the correla-
tion between protein expression and expression of
LINC01132 in TCGA HCC cohort [33]. LINC01132
expression was significantly positively correlated with
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SETD2, PRDX1 and CD26, while negatively correlated
with AKT and BRD4 (Fig. 4A). Deficiency of histone
methyltransferase SET Domain-Containing 2 (SETD2)
in liver has been demonstrated to lead to abnormal lipid
metabolism and HCC [34]. Similarly, PRDX1 can act as a
pro-cancer protein in HCC HepG2 cells [35]. The expres-
sion of LINCO01132 was consistently correlated with
CD26 protein and RNA expression in HCC (Fig. 4B).
CD26/dipeptidyl peptidase (DPP) 4 is a membrane-
bound protein found in many cell types and has been

suggested as a potential biomarker and target for cancer
therapy [36].

Next, we performed GSEA analysis based on the
expression correlation between LINCO01132 and all pro-
tein coding genes and found that LINC01132 expression
was positively correlated with EIF2 and ETC pathways,
while negatively correlated with TCRA and NKT path-
ways (Fig. 4C). EIF2 pathway has been associated with
various types of cancer, including HCC [37, 38]. The
observed negative correlation with immune-related
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pathways suggests that LINCO01132 might suppress
immune pathways to promote the cancer development
and progression.

Moreover, we in two cell lines and performed RNA-
Seq for genome-wide expression profiling. Potential cor-
related genes such as PRDX1, DPP4 (CD26) and AKT2
exhibited significant expression changes in, LINC01132
knockdown cells (Fig. 4D). GSEA analysis revealed that
highly expressed genes LINCO01132 knockdown cells

were significantly involved in COMP and STEM path-
ways (Fig. 4E-F, false discovery rates =0.030 and < 0.001).
In particular, we found that LINCO01132 knockdown
increased the expression of numerous immune-related
genes, such as CD8A, IL6 and IL11 (Fig. 4F). We fur-
ther investigated the expression levels of DPP4 in
LINCO01132-knockdown or LINCO01132-overexpressing
HCC cells. DPP4 transcriptional and protein levels were
increased LINCO01132-overexpressing and decreased in
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LINC01132-knockdown HCC cells, respectively (Fig. 4G-
H). These results suggest that LINC01132 might exert its
oncogene functions by modulating the DPP4 signaling
pathway.

LINCO01132 interferes with NRF1 binding to DPP4 in HCC

To further explore the molecular mechanism under-
lying the oncogenic activity of LINC01132 in HCC,
we performed RNA pull-down assay to identify the
proteins associated with LINCO01132. LINC01132
pull-down identified 598 potential interacting pro-
teins (Fig. 5A). Of these proteins, NRF1 and KDM5B,
and one transcription cofactor (CDK8) have binding
sites around the transcription start site (TSS) of DPP4
gene (Fig. 5A). Moreover, we confirmed that sense but
not antisense LINC01132 was specifically associated
with NRF1 and KDM5B (Fig. 5B-C). RIP assays fur-
ther showed that NRF1 and KDM5B antibodies could
significantly enrich LINC01132 whereas the GAPDH
antibody and IgG control could not (Fig. 5D-E). The
expression of NRF1 and KDM5B was then investigated
showing that higher grade HCC patients exhibited
significantly higher expression of NRF1 (Additional
file 2: Fig. S5A-B). Survival analysis revealed that poor
survival of patients with higher expression of NRFI,

KDMS5B, LINC01132 and DPP4 (log-rank p=0.038,
Additional file 2: Fig. S5C).

Furthermore, we retrieved the public chromatin immu-
noprecipitation (ChIP) sequencing data from ChIPBase
[29] and found that the NRF1 and KDM5B can bind to
the promoter region of DPP4 across cell lines (Fig. 5F
and Additional file 2: Fig. S6). Additionally, LINC01132
knockdown significantly blocked the interaction between
NRF1 and DPP4 (Fig. 5G). However, the effects were
not observed for KDM5B. These results indicated that
LINCO01132 acts as a scaffold in the interaction between
NRF1 and DPP4.

LINC01132 improves the response to anti-PD1
immunotherapy in HCC

Previous studies have identified DPP4 decreased
chemokines and other immune molecules [39]. Our data
revealed that LINC01132 overexpression was significantly
associated with decreased immune pathway activity. We
also identified a negative relationship between DPP4 and
CD8+ T cell infiltration levels in HCC tissues (Fig. 6A).
Combination therapy with anti-PDL1 blockade immuno-
therapy and other therapies have been shown to improve
the efficacy of the tumor-specific T-cell response [40, 41].
Based on the above results of LINC01132, we predicted



shNC+IgG

shNC+IgG

sh1132- 1+IgG sh1132-1+aPD-L1

Zhang et al. J Exp Clin Cancer Res (2022) 41:270 Page 11 of 14
A MCPCOUNTER CIBERSORT CIBERSORT-ABS QUANTISEQ XCELL
8- Rho =-0.138 8 A Rho =-0.149 8 } Rho =-0.142 Rho =-0.141 Rho = -0.106
= p=0.010 “ry - .p=54E-3 p = 8.32E-3 p = 8.42E-3 p=0.048
g - AR ¥ :
>
o4 —
P
a2 L,
[a) i
0l : ol- ** ! 3
0 100 200 300 400 500 0.0 0.1 0.2 0.3 04 0.5 0.0 0.2 0.4 0.6 0.04 0.08 0.12 00 01 02 03
Infiltration Level of T cell CD8+ >
~ E 80+ p=0.016
. \\0(\\6\?’ 5 =
B (P . 2 p=0.0098
O \N o ]
oe® 0 e 3
| | >
0 12 32(Days) »
el 1 T
o
[
2
B
[e]
a

sh1132-1+1gG

&6 @ o ¢
@ P ©o € ¢

sh1132-1+aPD-L1

C D p<0.001
2000 shNC+IgG 2.5
h1132+1gG
T N e = 2.0
£1500-{ sh1132+aPD-L1 =
° % 1.5
E 10004 : S
P
£ 500- . P o5
[l
1216 20 24 28 32 o
O"\Q' ,\x\g ?0,\,'\
Days BN
&0 ,\\’57’
6‘\

LINCO01132/NRF1/DPP4 regulatory model

Copy number
amplification

shLINCO1 132+anti-PDL1

l LINCO01132
@O overexpression

Cell growth
Tumorigenicity
Invasion
Metastasis

NRF1/DPP4 axis in HCC

Fig. 6 SiLINCO1132 improves the response to anti-PDL1 immunotherapy in a subgroup of HCC. A Scatter plots showing the correlation

between LINC01132 expression and CD8+ T cells infiltrations. B Mice were orthotopically xenografted with Hep1-6 injection and treated with
anti-PDL1 or IgG or siLINCO1132 plus anti-PDL1. Bottom panel showing representative images of tumors treated with IgG+ shLINC01132 or
anti-PDL1T 4 shLINCO1132. C-D The tumor volume and weight of mice treated with IgG + shLINCO1132 or anti-PDL1 + shLINC0O1132. C for tumor
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that LINC01132 knockdown could enhance lymphocyte
trafficking and improve tumor responses to PDL1 block-
age in HCC. Thus, we investigated the combination ther-
apy of LINCO01132 knockdown and PDL1 inhibitor in the
Hep1-6-shLINC01132 tumor model (Fig. 6B).

We found that shLINCO01132 therapy resulted
in delayed tumor growth, smaller tumor volume
and weight (Fig. 6B-D). Importantly, much clearer
tumor regression was observed in the group treated
with shLINCO01132 plus anti-PDL1 (Fig. 6B-D). The

number of CD8+ T cells was significantly increased in
the tumors of mice treated with shLINC01132 com-
pared with control (Fig. 6E, p = 0.012). Moreover, the
increase was even higher in the tumor of mice treated
with the shLINC01132 and PDL1 blockage (Fig. 6E, p =
0.0098). Thus, the above results further indicated that
LINCO01132/NRF1/DPP4 axis is involved in the immu-
nosuppression of HCC (Fig. 6F) and suggested that
knockdown LINCO01132 could improve the efficacy of
PDL1 blockage immunotherapy.
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Discussion

Rapid progresses in high throughput sequencing tech-
nologies have successfully identified a large number of
IncRNAs. Moreover, emerging evidence has indicated
that IncRNAs are expressed in a cell type-specific or
tissue-specific patterns [42, 43], suggesting important
roles in diverse biological processes. Expression pertur-
bation of IncRNAs has been observed in various cancer
types. By integration analysis of genome-wide IncRNA
expression and genetic alterations, we revealed that
LINCO01132 is up-regulated in HCC tissues and that
its high expression might be driven by copy number
amplification. Moreover, overexpression of LINC01132
was associated with poor prognosis of HCC patients.

LINCO01132 promoted cell growth, proliferation, inva-
sion and metastasis in vitro and in vivo. Functional
analysis revealed that LINCO01132 physically interacted
with NRF1 and KDM5B and promoted the expression of
DPP4. To date, expression perturbation of LINC01132
has only been associated with oncogenic activities in
ovarian cancer by regulating miR-431-5p/SOX9 axis [44]
and involved in hypoxia regulation in glioblastoma [45].
Therefore, the roles of LINC01132 in the regulation of
NRF1/DPP4 axis in HCC are here first described. These
results suggested that the same IncRNA can play diverse
functions in regulating various pathways in different
tumor context.

CD26/DPP4 is a membrane-bound protein, and its
higher expression has been found in a wide variety
of tumor pathologies [36]. CD26 expression was sig-
nificantly increased in tumor HCC specimens and was
associated with larger tumor size [46]. CD26 has been
proven as a pro-oncogenic gene in HCC and a potential
therapeutic target. We also found that DPP4 interacts
with number of cancer-related genes (Additional file 2:
Fig. S7). Moreover, DPP4 inhibition improves antitumor
effect of PD1 in HCC by enhancing CD8+ T cell infiltra-
tion [47]. It is increasingly clear that there are widespread
changes in IncRNA expressions during the immune
response. Numerous IncRNAs, such as NEAT1, UCA1L,
MIR22HG, and LINK-A, have involved in immune reg-
ulation in cancer [48-50]. Here, we demonstrated the
inhibition of LINC01132 can achieve the similar anti-
tumor effects. Altogether we expose the critical role of
LINCO01132/NRF1/DPP4 promoting the development of
HCC.

Conclusions

In conclusion, our results demonstrated that LINC01132
may act as an onco-IncRNA and overexpression of
LINCO01132 promoted HCC development via the NRF1/
DPP4 signaling axis. Contrastingly, LINC01132 silencing
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may be a novel synergistic strategy to improve the efficacy
of PDL1 inhibitor therapy in a subgroup of ICB resistant
HCC patients.
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