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1 | INTRODUCTION

Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly fatal malignancy with extremely
poor prognosis. Gemcitabine resistance is a major challenge in the treatment of
PDAC. Here, we showed that LINCO0460 was associated with the response to gem-
citabine both in PDAC patients and PDAC-PDX. After knocking down LINC00460
in PDAC tumor cells, results of RNA sequencing followed by gene ontology analy-
sis indicated that LINC0O0460 influenced the activity of growth factors and modified
the extracellular matrix. FISH showed that LINCO0460 is mostly located in the cyto-
plasm. Results of RNA pull-down, LC-MS/MS, RIP, and immunoblotting confirmed
that LINCO0460 could directly bind to PDAP1. Furthermore, we demonstrated that
LINC00460 mediated the cellular communication of PDAC tumor cells and CAFs by
PDAP1/PDGFA/PDGEFR signaling pathway and regulated the gemcitabine-resistance
function of CAFs, which could be reversed by treatment with a PDGFR inhibitor (cre-
nolanib). PDAC-PDX tumors with lower expression of LINC00460 showed a better
response to gemcitabine plus crenolanib treatment. Our finding supported the appli-
cation of LINCO0460 in precision medicine that uses gemcitabine plus crenolanib to
treat PDAC with low expression of LINCO0460.

KEYWORDS
cancer associated fibroblasts, gemcitabine-resistance, LINCO0460, pancreatic ductal
adenocarcinoma, PDAP1

Gemcitabine was recommended as a first-line chemotherapy for

Pancreatic ductal adenocarcinoma (PDAC) is a highly fatal malig-
nancy with a 5-year survival rate of 10%. At the time of diagnosis,
80%-85% of patients present with unresectable or metastatic dis-
ease. Even for a small subset of patients who are diagnosed with a
localized, resectable tumor, the prognosis remains poor, with only
20% surviving for five years following surgery.*™

PDAC, but only a subset of patients benefited from it.>> Published
data have shown that patients who underwent a matched treatment
based upon their actionable molecular alterations had a superior
prognosis compared with those who underwent unmatched treat-
ment.® Therefore, advanced indexes that could contribute to the
selection of appropriate treatment are critical to making a clinically
significant impact.
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Pancreatic ductal adenocarcinoma is characterized by its special
tumor microenvironment (TME), which accounts for approximately
90% of PDAC tumors.” Cancer-associated fibroblasts (CAFs), im-
mune cells, endothelial cells, and neurons are the predominant cell
types within the TME. Cells in the TME create a unique network in
which they interact with each other and produce extracellular ma-
trix (ECM) components, which in turn present a complex signaling
network with transformed tumor cells.®1° The function of the TME
in PDAC remains debatable. Currently, there is no approved anti-
stromal therapy for PDAC.

Over the past decade, non-coding RNAs have emerged as novel
regulators in tumor progression, such as transcriptional regulation
and cellular differentiation. Previous studies have demonstrated
that long non-coding RNAs (IncRNAs) could act as sponges to inhibit
the expression of miRNAs, thereby suppressing the translation of
mRNA targets.“’13 Recently, an increasing number of studies have
shown that IncRNAs could mediate the function of proteins by di-
rectly binding to them.}**> However, the molecular mechanisms un-
derlying the direct binding of IncRNAs with proteins to mediate the
cell function of CAFs remain unclear.

LINCO0460 is along non-coding RNA that has been reported to
play vital roles in various cancers.!® In recent years, an increasing
number of studies have evaluated the function and mechanism of
IncRNASs in chemotherapy resistance.?”*® However, the function of
LINC00460 in the chemotherapy resistance in PDAC has not been
reported. Here, we demonstrated that LINCO0460 was associated
with the response to gemcitabine of PDAC. LINC0O0460 mediated
the cellular communication of tumor cells and CAFs during gem-
citabine resistance by PDAP1/PDGFA/PDGFR signaling pathway.
PDAC with low expressed LINCO0460 showed a more positive
response to gemcitabine plus PDGFR inhibitor (crenolanib). Thus,
our findings indicated that gemcitabine plus crenolanib could be an
option to treat PDAC with low expression of LINC00460.

2 | MATERIALS AND METHODS

2.1 | Patients' specimens

A total of 20 patients who received EUS-guided fine-needle as-
piration biopsy and were confirmed as having PDAC by histology
from June 2017 to March 2021 in the First Affiliated Hospital of
Sun Yat-sen University were enrolled in this study. All of these pa-
tients received gemcitabine neoadjuvant chemotherapy and had
no prior chemotherapy or radiotherapy. The response assessment
with imaging was assessed according to the Response Evaluation
Criteria in Solid Tumors guidelines (RECIST, version1.1). Another
37 PDAC patients who underwent surgical resection at the First
Affiliated Hospital of Sun Yat-sen University were also enrolled in
this study. This study was approved by the Ethical Committee of the
First Affiliated Hospital of Sun Yat-sen University ([2017]247). All
patients provided written consent.

2.2 | Primary CAFs and tumor cells isolation

Freshly collected tissue from the operation theater was transported
in Hank's Balanced Salt Solution (#SH30588.01, Hyclone), cut into
smallpieces,andincubated with Collagenase [ (200 U/mL; #LS004197,
Worthington Biochem), DNAse | (10pg/mL; #D5025-15KU, Sigma-
Aldrich), and Collagenase P (0.5 mg/mL; #11213865001, Roche) in
HBSS for 30min at 37°C with 47 g. The solution was forced through
a 100-mm cell strainer followed by a 70-mm cell strainer washed
several times with FAST buffer (0.2% BSA and 2mM EDTA in PBS).
For isolating fibroblasts, the single cell suspension was incubated
with anti-fibroblast MicroBeads (130-050-601, Miltenyi Biotec)
in FAST buffer for 15min at 4°C and then applied on LS columns
(130-042-401) in a magnetic field (QuadroMACS Separator; 130-
090-976). CAFs#1 were verified by immunofluorescence staining
after MicroBeads sorting of cell suspensions of tissue specimens
(Figure S2A). All experiments were performed up to five passages to
avoid possible gross genomic changes during long-term in vitro cul-
ture. Cells were verified by fibroblastic morphology in two dimen-
sions: expression of stromal marker PDGFR (#ab32570, Abcam) and
activated marker aSMA(#ab32575, Abcam) inimmunofluorescence
assay. For isolating tumor cells, the Tumor Cell Isolation Kit was used
according to the manufacturer's instructions (130-108-339, Miltenyi
Biotec).

2.3 | Cell culture and transduction

Human PDAC cell lines PANC-1 and CFPAC-1 were purchased from
Cellcook Cell Biotechnology (Guangzhou, China). PANC-1 was cul-
tured in DMEM-high glucose pyruvate (Gibco, #11995065) sup-
plemented with 10% FBS (Gibco, #A3160802), and CFPAC-1 was
cultured in L-15 (Gibco, #11415056) supplemented with 10% FBS
(Gibco, #A3160802). For the tumor cells/CAFs co-culture system,
cell culture inserts with 0.4 um PC pore size in six well plates (Thermo
Scientific 140,640) were applied in the co-culture system. Then,
1x10° CAFs were seeded in the six well plate, and 5x 10% pancre-
atic tumor cells were seeded in the inserts. For the gene knockdown
and knockout assays, cells were infected with lentivirus encoding
shRNA or sgRNA, respectively. LINCO0460 expression was knocked
down by transduction of pLKO.1-Puro, and PDAP1 expression was
knocked out by transduction with CRISPR-Cas9-V2. The target se-
quences used for LINCO0460 shRNAs and PDAP1 sgRNAs are listed
in Table S1.

2.4 | Xenograft Assay and Tumor Stroma
Measurement

Four-week-old female BALB/c-nu/nu mice (obtained from the
Laboratory Animal Center of SUN YAT-SEN University) were kept
in the Animal Room F zone of Zhongshan School of Medicine;



ZHU ET AL,

TABLE 1 Clinical characteristics of 20
PDAC patients
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High expression of Low expression of

Features LINC00460 LINC00460 p-values
Age, years, median (range) 55.0 (41.0-70.0) 51.5(40.0-80.0) 0.890
Sex 1.000
Male 5 5
Female 5 5
Tumor location 0.628
Head and neck of pancreas 6 8
Body and tail of pancreas 4 2
Imaging T category 0.645
T1 0 0
T2 3 4
T3 1 2
T4 ) 4
Imaging N category 0.582
NO 3 1
N1, N2 7 9
Imaging M category 1.000
MO 9 9
M1 1 1
Imaging stage 0.657
1A 0 0
1B 1 0
1A 0 0
1B 3 5
1 5 4
v 1 1
Drug response 0.033
CR 0 0
PR 5 0
SD 4 7
PD 1 3

Abbreviations: CR, complete response; PD, progressive disease; PDAC, pancreatic ductal
adenocarcinoma; PR, partial response; SD, stable disease.

1x10% CFPAC-1 or PANC-1 cells with 2x10° CAFs#1 cells in
150 1L PBS were inoculated subcutaneously into the left flank of
nude mice. Tumors were measured every 3days. Tumor volume
was calculated with the formula: V = 0.5 xlengthxwidth 2. The
tumor-bearing mice were killed 33 days after inoculation, and the
tumors were subsequently removed for further study. Tumor slices
were stained using a Masson Trichrome Staining Kit (LEAGENE,
#DCO0033). Digital microphotographs (200x and 400x) were taken
using a NIKON Eclipse Ci microscope, and three microscopic fields
were randomly selected. The images were analyzed using Image)
software (version 1.8), and the average stromal proportions were
calculated. The detailed operating protocol using ImageJ software

can be found in Section 2.5.

2.5 | Patient-derived xenograft subcutaneous
tumor model

We set the Patient-derived xenograft (PDX) tumor without gemcit-
abine treatment as the first passage (P1). The LINCO0460 expres-
sion level was quantified using the PDX(P1) tumors. PDX(P1) were
divided into high and low LINC0O0460 expression groups according to
the Ct value of LINCO0460. We pass the PDX(P1) tumors in BALB/C
nude mice with the treatment of gemcitabine to gain the following
passages: P2, P3 and P4. Tumors of equal volume (3x3x3mm) were
grafted subcutaneously into the left flank of BALB/c mice. Drugs ((1)
1%DMSO saline, (2) gemcitabine 50mg.kg™ twice weekly, (3) cre-
nolanib 20mgkg™ daily, and (4) combined drug regimen 2 +3) were
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FIGURE 1 LINCO0460 was associated with the gemcitabine resistance in pancreatic ductal adenocarcinoma cells (PDAC). (A) Relative
expression level of LINCO0460 was detected by qRT-PCR (local chemotherapy cohort, n = 20; drug measure of response: PD (progressive
disease); SD (stable disease); PR (partial response); CR (complete response)). (B) The correlation between high/low LINC00460 level and
gemcitabine response was analyzed using Fisher's exact test. (C) Schematic to generate gemcitabine-resistant primary human PDAC for
PDX studies. PDX (P1) tumors were grafted subcutaneously to BALB/c mice for the gemcitabine-resistance model (P2-P4). Once tumor
volume reached 150 mm?, mice were treated with gemcitabine 50 mg/kg by intraperitoneal injection twice weekly until tumor growth
relapsed (approximately 6 weeks), indicating drug resistance. (D) Relative expression level of LINCO0460 in PDX tumor cells of the
gemcitabine-resistant/control model was detected by gqRT-PCR. (E) Heatmap of 734 differentially expressed genes in shControl (cyan)
versus shLINCO0460 (purple) (356 downregulated and 378 upregulated (n = 4 and 8; all absolute fold change >2 or <2, p-value <0.01). (F)
GO annotation using genes whose differential expression is significant. (G) GSEA results showed that cytokine-mediated signaling pathway
and growth factors were activated when LINC00460 was knocked down.

injected intraperitoneally until the tumor volume was >150mm?®. The
termination of the experiment was fourweeks after drug injection.
The PDAC patients' specimen utilization and animal experiments were
carried out with the approval of the Ethical Committee of the First
Affiliated Hospital of Sun Yat-sen University ([2019]124, [2020]005).

2.6 | Subcellular fraction location

The separation of nucleus and cytoplasm fractions was performed with
NE-PER nuclear and cytoplasmic extraction reagents (Thermo, #78833,
USA) according to the manufacturer's instructions. Afterwards, the
RT-PCR assay was performed to measure percentages of LINCO0460,
U6, and GAPDH in the nucleus and cytoplasm, respectively.

2.7 | RNAFISH

RNA FISH assay was performed with the Ribo FISH Kit (Ribo, China)
according to the manufacturer's instructions. The IncRNA probe mix
of LINC00460 and positive nucleus control probe Ué and positive
cytoplasm control probe 18S were designed and purchased from
Ribo. Images of cultured cells were obtained using the ZEISS Laser
Scanning Confocal Microscope LSM710 with oil x67 magnification
lenses, and ZEN 2.3 software was used.

2.8 | RNA immunoprecipitation gRT-PCR assays

In LINCO0460 RNA immunoprecipitation-gPCR experiments, a total
of 1x10” PANC-1 or CFPAC-1 cells were harvested in IP lysis buffer
150mM KCI, 0.5mM DTT, 5mM EDTA, 0.5% NP-40, 25mM Tris,
pH 7.4. Each lysate was further divided into two groups: anti-PDAP1
and anti-1gG (Input). Normal IgG (#A7007, Beyotime) was used as the
negative control. Subsequently, the RBP captured, together with the
bound RNA, was collected using Dynabeads (#10002D/10004D,
Thermo Fisher). After washing off the unbound material, the RBP
was digested using Proteinase K, and the RNA bound to immunopre-
cipitated RBP was purified and reverse transcribed into cDNA. Then,
a gPCR assay was performed to measure the percentage input of
LINC00460 in each group. The primer sequences used for RIP-gPCR
analysis are listed in Table S2.

2.9 | RNA pull-down and Label-free quantitative
proteomics by LC-MS/ MS

The pcDNA3.1(-) plasmids of LINC00460 transcripts (NR_034119.2)
were constructed, respectively, followed by restriction digestion,
agarose electrophoresis, and gel extraction. Reverse transcription
of template DNA and streptavidin labeling was performed using the
TranscriptAid T7 High Yield Transcription Kit (#K0441, Thermo). The
protein lysates were harvested from CFPAC-1, PANC-1, and BXPC3
cells. Binding of magnetic beads labeled RNA streptavidin was per-
formed using the Pierce Magnetic RNA-Protein Pull-Down Kit
(#20164, Thermo). Then, peptide samples were separated and ana-
lyzed by liquid chromatograph-mass spectrometer/mass spectrome-
ter (LC-MS/MS). The full mass and subsequent MS/MS analyses were
performed in an Orbitrap analyzer with a resolution of 70,000 for MS1
(at 200 mass/charge ratio [m/z]) and 17,500 for MS2, respectively.
The automatic gain control target for MS1 was set to 3.0x 10+ 6, with
a maximum injection time (IT) of 50ms and 5.0x 10+4 for MS2 with
a maximum IT of 100ms. The top 20 most intense ions were frag-
mented by higher-energy collisional dissociation (HCD) with normal-
ized collision energy of 27% and an isolation window of 2 m/z. The
dynamic exclusion time window was 30s. The analysis results were
processed using MaxQuant (1.5.6.0). The protein database is from
the UNIPROT database (Uniprot_human_2016_09). Finally, statistical
analysis was performed on the standardized quantitative results to

obtain corresponding differentially expressed proteins.

2.10 | Western blot analysis

The cell sample protein was harvested using the Pierce lysis buffer,
and the tissue sample protein was harvested by using the Total
Protein Extraction Kit (Invent, SD-001), which resolved on 4%-12%
SDS-PAGE (ACE, Biotech) and transferred for 90 minutes at 280 mA to
PVDF membranes (Millipore, USA). The membranes were blocked for
1 hin Tris-buffered saline-Tween 20 (TBST) with 5% BSA. Thereafter,
immunoblottings were performed with below primary antibodies
against PDAP1 (#15081-1-AP, Proteintech), PDGFA (#203911, Abcam),
PDGFR (#32570, Abcam), a PDGFR Activation Antibody Sampler
Kit (#12651, CST), p-actin (#4970, CST), and GAPDH (#60004-1-1g,
Proteintech) in TBST buffer containing 5% BSA overnight. After in-
cubation with the corresponding secondary antibody against rabbit
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FIGURE 2 LINC00460 could modify the extracellular matrix. (A) Masson trichrome staining of PDX tumor samples. (B) Histogram plot
showed the stroma proportion of the PDX tumors in (A). (C) Paired dot plot showed the relative expression level, measured by gRT-PCR, and
the correlation of LINCO0460 and FAP in human PDAC tissues. (D) Plot showed the direct correlation between LINC0O0460 and FAP, based
on the result of (C). (E) Xenograft tumors from respective groups are shown. (F) Masson trichrome staining of xenograft tumor samples with
sh-LINC00460 and sh-Control, histogram plot showed the stroma proportion of the xenograft tumors.

1gG-HRP-linked (#7071, CST) for 1 h, the signals were finally visualized
using Immobilon Western Blotting substrate (Millipore, USA).

211 | ELISA

The expression level of PDGFA in cell supernatant medium was eval-
uated using an ELISA Kit (SEA528Hu, Cloud-Clone Corp) according
to the manufacturer's instructions.

2.12 | RNA secondary structure and RNA-Protein
Interaction prediction

The secondary structure of LINCO0460 was predicted by the RNA fold
web server: http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfo
Id.cgi. The LINCO0460 sequence was uploaded onto the server, and
the secondary structure of LINCO0460 was calculated based on the
recommended settings and parameters. For fold algorithms and basic
options, “minimum free energy and partition function” and “avoid iso-
lated base pairs” were chosen. The prediction of LINC0O0460-PDAP1
interaction probability was performed using the online software from
RPIsea website (http://pridb.gdcb.iastate.edu/RPISeq/).

2.13 | Statistical analysis

The experiment was set up to use a minimum of three independ-
ent experiments. Results are reported as means + SD. All statistical
analyses were performed using GraphPad Prism 9.0. Comparisons
were performed using a two-tailed paired Student's t-test or one-
way analysis of variance (ANOVA), as indicated in individual figures.
Differences were considered statistically significant at two-tailed
p<0.05 (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

3 | RESULTS

3.1 | LINCO00460 was associated with the
gemcitabine resistance in pancreatic ductal
adenocarcinoma

To explore the role of IncRNAs in the occurrence of gemcitabine re-
sistance in patients with PDAC, we analyzed the clinical data of 20
patients with unresectable locally advanced PDAC. Patients' clinical
characteristics are shown in Table 1. All of these 20 patients un-
derwent fine-needle aspiration biopsy followed by treatment with

gemcitabine. Patients were divided into high and low LINC00460
expression groups according to the relative expression level of
LINC00460. The median of ACT was defined as the threshold. In
the group with a higher level of LINCO0460, a significantly high
proportion of patients achieved a partial response and a complete
response, while a low proportion of patients had stable and progres-
sive disease (partial response + complete response: 5 vs O; stable
disease + progressive disease: 5 vs 10; p = 0.0098) compared with
the group with a lower level of LINC00460 (Figure 1A,B). These re-
sults highlighted that LINCO0460 might be associated with the sen-
sitivity to gemcitabine.

To verify this hypothesis, we established a gemcitabine-resistant
PDX mouse model (Figure 1C). We set the PDX tumor without gem-
citabine treatment as the first passage (P1). We passed the PDX (P1)
tumors in BALB/C nude mice with the treatment of gemcitabine to
gain the following passages: (P2, P3, and P4). We isolated tumor cells
from gemcitabine-resistant/control PDX tumors and tested the ex-
pression level of LINC0O0460. Results showed that the expression
level of LINCO0460 decreased gradually after gemcitabine treat-
ment, but there was no significant change in normal saline treat-
ment (Figures 1D, S1A). These results indicated that a lower level of

LINCO0460 was related to resistance to gemcitabine.

3.2 | LINC00460 influences the activity of growth
factors and modifies the extracellular matrix by
binding to PDAP1

To elucidate the function and mechanism of LINCO0460 in PDAC,
we knocked down (KD) LINCO0460 by shRNAs in two PDAC cell
lines (Figure S1B,C) and performed RNA sequencing (RNAseq).
The heatmap showed the differentially expressed genes after
LINC00460 was knocked down (Figure 1E). GO analysis revealed
the probable function of LINC0O0460 (Figure 1F). Interestingly, we
found that LINCO0460 might play a role in influencing the activity of
growth factors and modifying the extracellular matrix, and this has
not been previously reported. GSEA results showed that cytokine-
mediated signaling pathway and growth factors were activated
when LINC00460 was knocked down (Figures 1G, S1D). Based on
these results, we hypothesized that LINCO0460 might play its role
by regulating CAFs through growth factors and then progressing to
modify the extracellular matrix.

To verify our hypothesis, we sent gemcitabine-resistant/control
PDX tumors for Masson trichrome staining to test the proportion
of tumor cells (red) and stroma (blue). The results showed that the
proportion of stroma in gemcitabine-resistant PDX tumors was
significantly increased compared to the control (Figure 2A,B). We
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FIGURE 3 LINC00460 could directly bind with PDAP1. (A) FISH assay showed the sub-cellular location of LINC00460 in CFPAC-1. (Ué6:
nucleus location positive control, 18S: cytoplasm control) The subcellular location of LINCO0460 is mainly in cytoplasm, followed by the
nucleus. (B) LINCO0460 expression in the nucleus and cytoplasm fractions by gRT-PCR were consistent with FISH results. Data from three
independent experiments were expressed as mean+SD. (C) RNA-pull-down-MS results showed 291 proteins have the possibility of binding
to LINC00460 in the intersection of three PDAC cell lines. (D) Volcano plot of RNA-pull-down-MS revealed that PDAP1 (Log,,[iBAQ] = 9.10)
interacts with LINC0O0460. The red font indicates PDAP1. (E) RNA immunoprecipitation (RIP)-qPCR assay detects the coupling of PDAP1
and LINC00460. (F) Predicted structure of the LINCO0460 determined by RNAfold software and the prediction of LINCO0460/PDAP1
interaction probabilities using RPIseq website. (G) Immunoblot of PDAP1 in RNA pull-down extracts with different LINCO0460 fragment

sequences (1-237, 238-747, and 748-913).

also attempted to test the expression and correlation between
LINC00460 and FAP (fibroblast activation protein alpha, a marker
of CAFs) in human PDAC tumor tissues. We found that LINC00460
was negatively correlated with FAP (Figure 2C,D). As the expres-
sion level of LINCO0460 decreased gradually after gemcitabine
treatment, these results indicated that LINCO0460 might have the
function of regulating CAFs and modifying the extracellular matrix.

Thenwe investigated the biological function of LINCO0460. Results
of the CCK-8 assay showed that when PDAC tumor cells were cultured
alone, the growth curve of LINCO0460 KD groups was not statistically
different from the control group (Figure S2B). Subsequently, we per-
formed a xenograft assay with a mixed injection of PDAC tumor cells
(LINCO0460 KD/control groups separately) and CAFs (WT). Results
showed that after co-culturing PDAC tumor cells with CAFs, the tumor
volume of LINCO0460 KD groups was significantly higher than the
control group (Figures 2E, S2C). Furthermore, when the xenograft tu-
mors were subjected to Masson trichrome staining, we found that the
proportion of stroma was significantly increased in LINCO0460 KD
groups (Figure 2F). These results indicated that LINCO0460 modified
the extracellular matrix with the presence of CAFs.

To gain deeper insight into the effects of LINCO0460, RNA FISH
and subcellular fractionation location assays were performed to de-
termine the location of LINC00460 in PDAC cells (Figure 3A,B). The
results showed that LINCO0460 is mainly located in the cytoplasm.
LncRNA can directly bind with proteins and influence the activity of
the protein.'**> As LINC00460 is mainly located in the cytoplasm,
we hypothesized that LINCO0460 interacts with certain proteins.
Therefore, an RNA pull-down was performed to obtain proteins
that could bind with LINC00460, and the proteins were subjected
to LC-MS/MS for identification. PDAP1, a RNA-binding protein,'? 22
was among the proteins with high rich scores (Figure 3C, D). PDAP1
was reported as a phosphoprotein that upregulates the PDGFA-
stimulated growth of fibroblasts by binding to PDGFA. The RNA
immunoprecipitation (RIP) results verified that LINC00460 could
bind to PDAP1 (Figure 3E). To determine the detailed sequence of
LINC00460 that interacts with PDAP1, different fragments of the
functional regions of LINCO0460 were generated based on its sec-
ondary structure predicted using an RNA fold software (Figure 3F).
By performing an RNA pull-down assay, we identified the region
(238-747 nt) that was essential for binding to PDAP1 (Figure 3G).
PDAC is an extremely “hard” tumor due to its unique and abundant
TME, which accounts for approximately 90% of the tumor space.
CAFs are one of the major cell types in the TME. CAFs were reported
to regulate chemotherapy resistance in PDAC.2%72° Taken together,
the above results and previous reports indicated that LINCO0460

might bind to PDAP1, regulate the growth of CAFs and, thus, medi-
ate the gemcitabiner esistance in PDAC.

3.3 | LINCO00460 regulates the proliferation of
CAFs via the PDAP1/PDGFA/PDGFR pathway

To further clarify how LINCO0460 interacts with PDAP1, we tested
the expression and content of PDAP1 and PDGFA using gRT-PCR and
western blot. The results of gRT-PCR showed that after LINC0O0460
knockdown, the expression levels of PDAP1 and PDGFA did not
change significantly (Figure 4A). However, the western blot results
showed that even though the protein content of PDAP1 remained
unchanged, the protein content of PDGFA decreased conspicuously
(Figure 4B). As PDGFA is a secreted protein, ELISA was performed
to determine the amount of PDGFA in the culture supernatant. The
ELISA results showed that PDGFA significantly increased in the cul-
ture supernatant of LINC00460 knockdown cells (Figure 4C). These
results indicate that LINCO0460 could regulate the secretion of
PDGFA. To verify whether LINCO0460 mediates the secretion of
PDGFA by interacting with PDAP1, PDAP1 knockout (PDAP1-KO) cell
lines were generated (Figure 4D). After knocking down LINC00460
in PDAP1-KO cell lines, the western blot and ELISA results showed
that the protein content of PDGFA in cells and culture superna-
tant remained unchanged (Figure 4E,F). These results confirmed
that LINCO0460 regulates PDGFA secretion by binding to PDAP1.
PDGFA is a PDGFR ligand. PDGFR is highly expressed in fibroblasts.
Our results validated that in PDAC, PDGFR was rarely expressed
in tumor cells but was highly expressed in CAFs (Figure 4G). After
co-culturing CAFs and tumor cells, we found that CAFs showed en-
hanced proliferation ability and activated the PDGFR pathway when
co-cultured with LINCO0460 knockdown tumor cells. This effect
could be reversed by treatment with a PDGFR inhibitor (Figure 4H-
K); crenolanib is an effective and selective PDGFR inhibitor. Taken
together, we demonstrated that LINCO0460 regulates the prolifera-
tion of CAFs by binding to PDAP1.

3.4 | LINC00460 mediates resistance of pancreatic
ductal adenocarcinoma cells to gemcitabine by
regulating CAFs

To explore how LINCO0460 mediates cell resistance to gemcitabine
in PDAC, we measured the IC, value of gemcitabine in LINCO0460
knockdown cells. The results showed no significant differences in
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FIGURE 4 LINC00460 could regulate the proliferation of CAFs via the PDAP1/PDGFA/PDGFR pathway. (A) gqRT-PCR assay detected the
mRNA level of PDAP1 and PDGFA after transduced LINC00460 shRNAs. (B) Western blot assay detected the protein level of PDAP1 and
PDGFA after transduced LINC00460 shRNAs. (C) The concentration of PDGFA in the medium supernatant of CFAPC-1 and PANC-1 after
silencing LINC00460 was measured by ELISA assay; values represent means + SD of six replicate samples in each group. (D) Western blot
assay validated KO-PDAP1 cell lines. (E) Western blot assay showed the expression level of PDGFA in PANC-1 cell line (KO-PDAP1) after
transduction of LINC0O0460 shRNAs. (F) ELISA assay showed the concentration of PDGFA in medium supernatant of PANC-1 cell line (KO-
PDAP1) after transduction of LINCO0460 shRNAs. Values represent means + SD of six replicate samples in each group. (G) Western blot
assay showed PDGFR- expression in eight pairs of PDAC CAFs and tumor cells. (H) Cell viability showed the different proliferation rate of
CAFs after co-cultured with the supernatant of CFPAC-1 and PANC-1. (l) Cell viability showed that crenolanib can reverse the proliferation
of CAFs caused by silencing LINCO0460. (J) Western blot analysis of the PDGFR-p pathway activated genes in after transduced LIINC00460

shRNAs whose co-cultured with CFPAC-1 or PANC-1 supernatant. (K) Western blot shows crenolanib can reverse PDGFR-f pathway

activation.

the 1C5, values of gemcitabine between LINC0O0460 knockdown
cells and control cells (Figure 5A,E). In co-cultured CAFs and PDAC
cells, LINCO0460 knockdown cells displayed more than two-fold
higher IC,, values than control cells (Figure 5C,G). We then added
a PDGFR inhibitor to the co-culture system, and the results showed
that the PDGFR inhibitor efficiently decreased the IC,, values
in the LINCO0460 knockdown group. These results indicate that
LINC00460 mediates the resistance of PDAC cells to gemcitabine
by regulating CAFs (Figure 5B,D,F,H,l).

3.5 | Pancreatic ductal adenocarcinoma cells with
low expression of LINC00460 is an indicator for
use of PDGFR inhibitor treatment

We demonstrated that LINCO0460 mediates resistance to gem-
citabine by regulating CAFs via the PDGFR pathway. Furthermore,
we wondered whether tumors with lower expression of
LINC00460 showed higher sensitivity to PDGFR inhibitors. We
then adopted the PDX model to prove this hypothesis (Figure 6A).
We gave gemcitabine or PDGFR inhibitor (crenolanib) or two
drugs combined to the mice and measured the tumor volume.
After giving gemcitabine, the tumor volume of PDX with higher
expressed LINCO0460 (PDX-H) decreased more than PDX with
lower expressed LINCO0460 (PDX-L) (Figure 6C). These results
corresponded with our thesis that PDAC with high expression of
LINC00460 was more sensitive to gemcitabine. After giving gem-
citabine combined with crenolanib, compared with the gemcit-
abine group, PDX-L showed significantly decreased tumor volume
than PDX-H (Figure 6B,C). This result indicated that tumors with
low expression of LINCO0460 could benefit more from PDGFR in-
hibitor. Thus, PDAC with low expression of LINCO0460 can be an
indicator for the use of PDGFR inhibitor treatment.

4 | DISCUSSION

Gemcitabine is recommended as a first-line chemotherapy for
PDAC, but only a subset of patients are sensitive to this treat-
ment. Inspired by this, we explored the biological character-
istics of PDAC tumors that were resistant to gemcitabine. We
established a PDX mouse model of gemcitabine resistance. The

experimental mice were continuously treated with gemcitabine
for four passages. LncRNAs are involved in several pathophysi-
ological processes in pancreatic cancer, breast cancer, and other
maIignancies.Z“’zs’27 In recent years, an increasing number of
studies have evaluated the function and mechanism of IncRNAs
in chemotherapy resistance.’’*® However, the role of IncRNAs in
gemcitabine chemotherapy resistance still needs to be elucidated.
Our results showed that PDAC with high expression of LINCO0460
was more sensitive to gemcitabine. Therefore, we speculated that
LINC00460 might be associated with tumor resistance to gem-
citabine. To verify this hypothesis, we tested the expression lev-
els of LINCO0460 in every passage of the gemcitabine-resistant
PDX model. Consistent with our hypothesis, with passages past
and increased gemcitabine resistance, the expression level of
LINCO0460 decreased. LINCO0460 regulates the proliferation,
migration, and invasion of tumor cells, but its role in chemotherapy
resistance has rarely been studied.?® This prompted us to eluci-
date the mechanism of action of LINCO0460 in the occurrence of
chemotherapy resistance.

By knocking down LINC00460 in two PDAC cell lines and
performing RNAseq, we examined the probable function of
LINCO0460 by gene ontology (GO) analysis. After confirming
its relationship with chemotherapy resistance, we found that
LINC00460 regulates cell-cell communication (including growth
factor activity, cell surface receptor signaling pathway, cell-cell
signaling, and cytokine-mediated signaling pathway) and modifies
the extracellular matrix (including extracellular space, extracel-
lular exosome, and ECM organization). The location of IncRNAs
could indicate their function. Results of RNA FISH and subcellular
fractionation location assays showed that LINCO0460 was mainly
located in the cytoplasm. LncRNAs have mostly been reported to
function as sponges, inhibit the expression of siRNAs, and pro-
mote the translation of target mRNAs. Recently, an increasing
number of studies have shown that IncRNAs could mediate the
function of proteins by directly binding to them.'**> LINC00460
sponges miR-320a and miR-485-5p and mediates the prolifera-
tion, migration, and invasion of tumor cells.?®2? However, its role
in mediating chemotherapy resistance has not been well stud-
ied. Therefore, we speculated that LINCO0460 might mediate
chemotherapy resistance by binding to proteins. RNA pull-down
and LC-MS/MS were performed to detect proteins that could
directly bind to LINC0O0460. After combining the results of GO
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FIGURE 5 LINC00460 mediated the chemotherapy resistance to gemcitabine by regulating CAFs. (A-H) The cell viability of pancreatic
cancer cells 72hours after adding different concentrations of gemcitabine. The fitting curves showed the IC50 value of gemcitabine in
LINC00460 knockdown/control pancreatic cancer cells (A-D: CFPAC-1; E-H: PANC-1; A,E, pancreatic cells alone; B,F, pancreatic cells with
crenolanib; C,G, pancreatic cells with CAFs; D,H, pancreatic cells with CAFs and crenolanib). (I) The table shows the exact IC50 value of

gemcitabine in A-H.
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FIGURE 6 Pancreatic cancer with low expressed LINC00460 is an indicator to use PDGFR inhibitor. (A) gRT-PCR results showed the
expression level of LINCO0460 in PDX tumors. PDX were divided to two groups (L, H) based on the expression level of LINC0O0460. (B) The
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group.

analysis, which showed that LINC0O0460 regulated the cell-cell
communication and modified the extracellular matrix, we found
that PDAP1 acts as an RNA-binding protein. This phosphoprotein
could upregulate the PDGFA-stimulated growth of fibroblasts by
binding to PDGFA.?® PDGFA and its receptor PDGFR are involved
in the occurrence of drug resistance in patients with breast can-
cer and glioblastoma.®**2 Our results demonstrated that PDAP1
could bind to 238-747 nt of LINC00460. Hence, we hypothesized
that LINCO0460 might mediate chemotherapy by activating the
PDAP1 pathway.

The results of RNAseq did not show significant changes in
the expression of PDAP1 in LINC0O0460 knockdown cells, which

was confirmed by conducting qRT-PCR and western blot. This
indicated that LINCO0460 did not act on the DNA or mRNA of
PDAP1 and thus verified that LINCO0460 could bind to PDAP1.
As PDAP1 functions based on the status of the PDGFA, we eval-
uated the expression and location of PDGFA. Our results showed
that LINCO0460 did not regulate the expression levels of PDGFA,
but the level of PDGFA expression in the extracellular matrix in-
creased after knockdown of LINCO0460. LINCO0460 could not
regulate the secretion of PDGFA in PDAP1 KO cells. This finding
verified that LINCO0460 regulated the secretion of PDGFA, which
was mediated by PDAP1. PDGFA is a secreted protein that func-
tions by stimulating the PDGFR expression (including PDGFR-« and
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PDGFR-p). PDGFR is a biomarker of fibroblast formation. PDGFR-«
and PDGFR-p are expressed at similar levels in fibroblasts. PDGFR-
participates in the regulation of the cell function of fibroblasts, and
PDGFR-p* CAFs are associated with a worse prognosis in pancre-
atic cancer.®®%8 In line with these reports, we found that PDGFR
was highly expressed in CAFs but was rarely expressed in PDAC
tumor cells. Further results showed that knockdown of LINCO0460
increased the proliferation of CAFs and activated the PDGFR sig-
naling pathway, and this effect could be reversed by treatment with
crenolanib (PDGFR inhibitor). To explore the relationship between
CAFs and gemcitabine chemotherapy resistance, we determined
the 1C;, value of PDAC tumor cells. The results showed that knock-
down of LINCO0460 could increase the 1C, value of PDAC tumor
cells when they were co-cultured with CAFs but not when co-
cultured without CAFs. This effect was reversed by treatment with
crenolanib. Taken together, these results indicate that LINCO0460
regulates the gemcitabine chemotherapy-resistance function of
CAFs by directly binding to PDAP1 and mediating the PDGFA/
PDGFR signaling pathway (Figure 7).

The results also indicated that crenolanib could reverse
the gemcitabine chemotherapy-resistance effect induced by
LINCO0460 low-expressing cells. This inspired us to determine
whether gemcitabine could be combined with crenolanib in the
treatment of LINCO0460 low-expressing tumors. To verify this

hypothesis, we adopted the PDX model and tested its response to
gemcitabine/crenolanib/gemcitabine + crenolanib. In line with our
results, when treated with gemcitabine alone, tumors with lower
expression of LINCO0460 were less sensitive compared with
tumors with higher expression of LINCO0460. However, when
combined with gemcitabine and crenolanib, tumors with lower
expression of LINCO0460 showed a better response. Therefore,
we concluded that PDAC with low expression of LINCO0460 is an
indicator for the use of PDGFR inhibitor treatment combined with
gemcitabine.

In conclusion, we have demonstrated that LINCO0460 regulates
the gemcitabine chemotherapy-resistance function of CAFs by di-
rectly binding to PDAP1 and mediating the PDGFA/PDGFR signaling
pathway. PDAC with low expression of LINC00460 is an indicator

for use of PDGFR inhibitor treatment combined with gemcitabine.
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